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1. Introduction 

 

1.1 Properties of BaTiO3  

BaTiO3 (BT) has been more than 70 years since it was found by America’s Wainer and 

salomon[1], Japan’s Ogawa[2], and Soveit’s Wul and Goldman[3] in the early1940s. BT 

was confirmed as a member of the perovskite by Helen D. Megaw, Miyake, and Ueda 

[4.5]. It is well known that the formula for perovskite oxide is ABO3, Barium is A side 

and Titanium is B side. The BT is cubic structure above Curie temperature of 120 ºC as 

Fig. 1-1 showing. Ba is located at each apex of cubic, Ti is located in the body center of 

cubic, and the oxygen is arranged on the each face center of cubic. BT is paraelectric for 

TiO6 is symmetrical octahedron. In room temperature Ti slightly shifts to O in C axis 

direction, TiO6 becomes asymmetrical and led to form a spontaneous polarization in BT 

crystal. The spontaneous polarization of BT can be 

inverted by an external electric field, makes BT 

appear ferroelectric. The structure of BT is very 

important that directly relates to its dielectric, 

piezoelectric and optical properties.    

 

BaTiO3 is widely applied in capacitor owing to its high dielectric constants and low 

dielectric loss. It has been reported [6, 7] that the dielectric constant is dependent on 
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temperature for its phase changes with temperature from rhombohedral, Orthorhombic, 

tetragonal, to cubic, although the relative dielectric constants are 1000 and 2000 in -80 

and 0 ºC respectively, but the highest value of dielectric constants 6000-10000 is observed 

at Curie temperature 120 ºC which the crystal phase transforms from tetragonal to cubic. 

The characteristic is widely used in electronic devices, mainly multilayered ceramic 

capacitors (MLCCs). As the current market requires device miniaturization, larger 

capacity, and high performance, the dielectric layer constituting MLCCs must be thinner 

than 0.5 µm. The smallest MLCC of 0.25×0.125 has been already on sale by Murata Co. 

Ltd, replacing the 0402 (0.4 mm × 0.2 mm) that used in mobile phone. 

  

1.2 Synthesis method of nanoparticle BaTiO3 

In this situation BT as the raw material of MLCC is also required to reduce the 

particle size to nanoscale. The synthesis of nanoparticle BT is mainly solid state and wet-

state method. The solid state method is traditional synthesis of BT that the raw materials 

of BaCO3 or BaO and TiO2 have to be sintered at high temperature around 1000 ºC after 

ball milling [8-11]. The particle size BT obtained by this method is large around 3 µm, 

high aggregation and purity is low. These shortcoming lead to a reduction of BT electrical 

property. It is thought that the solid-state method is not suitable for the synthesis of 
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nanomaterial, for its inherent problem of high reaction temperature and heterogeneous 

solid phase reaction. Compering with solid state method the wet-state method can 

overcome these problems. It can control the chemical stoichiometry and obtain high purity, 

ultrafine BT. The method includes many approaches such as co-precipitation [12-14], low 

temperature directly synthesis (LTDS) under atmosphere [15], hydrothermal (HT) [16], 

sol-gel method [17], and so on. The LTDS and HT were studied here.  

  LTDS has been reported by Wada et al [15] that a 10-20 nm BT nanoparticle can be 

obtained from titanium tetrachloride (TiCl4), barium hydroxide (Ba(OH)2) and potassium 

hydroxide (KOH) in aqueous solution, as the reaction temperature above 50 ºC under 

atmosphere. The synthesis method is the simplest, and the cheapest in the BT 

nanoparticles, and suitable for mass production. But the particle size distribution is wide, 

aggregation among the particles is strong, and cubic phase is limited.  

  It is well known that the BT properties of ferroelectric, piezoelectric and nonlinear 

optical effect are all due to tetragonal structure. But as the particle size reduce to nanoscale, 

the two phase of tetragonal and cubic are mixed in a particle for their high surface energy. 

Hoshina et al [18] proposes that the nanoparticle BT have a core-shell structure, there is 

gradient lattice strain layer (GLSL) between inner tetragonal core and surface cubic layer. 

The surface cubic layer is about 10-15 nm does not change with particle size. It indicates 
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that the particle size depend on the inner tetragonal, and GLSL layer. These results was 

investigated by their XRD data. At the same time, there is critical size for the BT 

nanoparticle that BT is cubic crystal under a certain size. The critical size varies around 

20 nm depending on the synthetic method [19. 20]. The core-shell structure is expected 

to have a high dielectric property.  

The HT synthesis method is to synthesize the crystal material in high temperature 

aqueous solution under high a vapor pressure. The material dissolution, synthesis and 

growth of crystal can be accelerated in this condition. It is attracting attention in synthesis 

nanoparticle of ceramic material for the morphology, composition and size distribution of 

particle could be controlled simply in low reaction temperature. BT nanoparticle is also 

use this method, and the nanoparticle phase of BT can be controlled with raw material, 

reaction temperature and time and so on. But the drawback of this method is that the OH 

group from aqueous solution enter BT crystal, causes the defect of crystal and degrade 

the performance of the dielectric [21]. In order to avoid this disadvantage, several present 

of organic solvent is mixed to suppress OH defect [22].  

 

1.3 Dispersion of nanoparticle 

 Nanoparticles are those having a particles size from 1 to 100 nm. It is different from 
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conventional bulk materials in properties of morphological [23], structural [24], thermal 

[25], electromagnetic [26, 27], optical [28, 29], mechanical [30] and so on. These 

properties due to its high surface activity and large surface area. Recently the 

nanomaterial is widely used in the different fields, such as, miniaturized electronic device, 

cosmetic, medical supplies, catalysts, pigments, toner and ink. However the aggregation 

property of nanomaterial affect the performance of the product. The properties of 

nanomaterial are not fully exploited. The high dispersion of nanoparticle is required.  

As B. Faure et al [31] propose that the dispersion of nanoparticle have three approaches 

of electrostatic stabilization, steric stabilization, and electro-steric stabilization. It is well 

know that the electrostatic stabilization bases on DLVO theory. The DLVO theory was 

carried out by Derjagin and Landau of the old Soviet Union, and Verwey and Overbeek 

of the Nederland. The dispersion and aggregation of nanoparticle in aqueous suspension 

are well explained by the theory. There is two force existing between particles, one is 

electrical repulsion via the electric double layer, the other is the attractive force of van der 

waals. It is the basic theory to decide the dispersion or aggregation of particles in 

suspension solution via adjusting electrical repulsion force through controlling the 

amount of particle surface charge. E. Verwey et al [32] calculated the surface potential 

according to DLVO theory. It demonstrates that the 64.9 mV surface potential is necessary 
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to disperse 300 nm particle, and for the 20 nm particles 177 mV potential is necessary. In 

fact to disperser 20 nm particle in aqueous solution at same time the particle distance is 

under 5nm that calculated by the Woodcock formula (1) [33] shows in below, h is distance 

of particle surface, and F is the concentration of suspension. The concentration of the 20 

nm particle suspension is not more than 10 vol% as it is mono-dispersion state. Actually, 

it is difficult to give high charge to the particle surface, and even if it is provided, the 

concentration of the solution is too low and the practicality is low. This is the limit of the 

DLVO theory.    

  

In addition to DLVO theory, recently the dispersion of ceramic nanomaterial has 

received much attention via the steric hindrance and electro-steric of polymer dispersant 

and Polyelectrolyte. The polymer thick layer adsorbs on the particle surface, blocks 

contact between particles, and prevent the aggregation of particles via the steric repulse 

from the long polymer chain.     

PVP is synthesized from acetylene, ammonia, and formaldehyde. The monomer N-

vinyl-2-pyrrolinde is carcinogenic but the polymer of PVP is a non-toxic [34], non-ionic 

[35] polymer with amphiphilic [36] for having C=O, C-N and CH2 functional group. PVP 

dissolves well in aqueous and non-aqueous solution. It is widely used in cosmetic, 
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pharmaceuticals, food and so on. It is also used in ceramic material as dispersant [37], 

shape-control agent [38], and reductant agent [39].  

 

1.4 Purpose of the study 

We focused on the properties of dispersant PVP and practicality of BT. The purpose of 

the study is synthesis of highly dispersible nanoparticle of BT in one step, clarify the 

mechanism of nanoparticle forming and dispersion and obtains desired BT powder to 

satisfy the market requirement. 
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2. High dispersion cubic BaTiO3 synthesis and evaluation 

 

2.1 Introduction  

As the chapter.1 described, barium titanate (BT, BaTiO3) is an important ceramic 

material for its ferroelectric, dielectric and thermoelectric [1]. It is well known that it is 

mainly used in multilayered ceramic capacitors, semiconductors, positive temperature 

coefficient (PTC) thermistors, and piezoelectric devices [2–7]. In recent years the BT 

nanoparticle size with spherical shape is required along with the device miniaturization. 

Because the high sintering density can be obtained in low sintering temperature and a low 

dissipation factor can be obtained in high dielectric constant. 

At present, the BT nanoparticle can be prepared simply by wet chemical process, such 

as sol-gel method [8], hydrothermal [9], low temperature synthesis at atmosphere [10] 

and so on. But the problem is aggregation with BT particle size (PS) decreasing which 

reduces the performance of the electronic components. It is very important to prevent the 

particles aggregation.         

There are three kinds of dispersion approaches of nanoparticle: (1) Dispersant is 

directly put into the nanoparticle suspension [11-13]. (2) Dispersant react to the 

nanoparticle that its surface is pretreated by hydroxylation [14]. These methods are 
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required two step, one is nanoparticle synthesis, the other is dispersion. Recently, it has 

been reported that the dispersant is directly added into reaction solution with the raw 

material for preparing nanoparticle [15−21]. The third method can be simply realize the 

syntheses and dispersion in a single step. 

Hai et al., [22] has reported that high dispersion BT particle can be prepared with raw 

material and direct modification of PVP on the BT surface in a single step. The spherical 

300 nm BT particles were obtained by TiCl4, BaCl2, and PVP in an aqueous solution 

which demonstrated mono-dispersion in aqueous solution. But the PS is still large as 

nanoparticle, and the dispersion of BT particle becomes worse with the PS decreasing in 

this process.          

In order to obtain a spherical, high dispersion, and nanosize of BT particle, and clarify 

the mechanism of particle growth and dispersion in this original process, the reaction 

factors such as: temperature, time, concentration of raw material, PVP molecular weight 

were systematically investigated, and achieved desired PS of high dispersion BT by 

controlled this process parameters. XRD, FE-SEM, TEM, DLS, zeta-potential were used 

as the means of evaluation. The particles prepared by the low temperature synthesis (LTS) 

is referred LBT-PVP in this section.   
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2.2 Experiment  

2.2.1 Materials 

  The precursors titanium tetrachloride (TiCl4 90+%), Dihydration barium chloride 

(BaCl2·2H2O 90%) and the mineral agent of Potassium hydroxide (KOH 85%) were 

purchased from Wako Pure Chemical Industries Ltd. Japan. The dispersant of 

polyvinylpyrrolidone (PVP) was bought from Sigma-Aldrich Wako Pure chemical Japan.  

2.2.2 Synthesis of LBT‒PVP nanoparticle  

The procedures of the LBT‒PVP preparation process and characterization are shown in 

Fig. 2.2-1. The concentrations of KOH, PVP and the raw materials (Ti and Ba sources), 

molecular weight of PVP as well as the reaction temperature and reaction time were 

varied; the values of these parameters are summarized in Table. 2.2-1.The pH of the 

solution was over 14, for the KOH concentration was higher than 1.6 M in this study. As 

the Fig. 2.2-1 showing, the Ba and Ti sources: BaCl2·H2O, TiCl4 were mixed in reaction 

container. PVP was simultaneously added to the mixture while stirring. After PVP was 

completely dissolved in the mixed solution, KOH was slowly drop wised. Finally, the 

mixed solution (80 mL) was set to desire temperature and time. After cooling, solid 

precipitates were obtained by centrifugation. The precipitates were washed with distilled 

water and ethanol, and dried at 60 °C for 24 h. 
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Fig. 2.2-1 Flow chart of preparation and analysis of LBT–PVP   

Table. 2.2-1 Reaction factor of synthesis LBT-PVP in section 2. The standard reaction 

condition is that Ti:Ba = 0.2M:0.2M, KOH = 1.8 M, PVP = 100 g/L, 80 ºC, 60 min 

Factor  

Temperature (ºC) 75, 80,85, 90 

Time (min) 0, 30, 60, 90, 120, 150, 180, 210, 240 

Ba conc.(M) 0.2, 0.3, 0.4 

KOH conc.(M) 1.6, 1.7, 1.75, 1.77, 1.8, 1.81, 1.84, 1.9, 2.3, 2.5 

PVP conc.(M) 0, 50, 100, 350, 400, 450 

PVP Mw (g/mol) 2500, 10000, 40000, 360000 

2.2.3 Characterization  

The phase of the powder was investigated by X-ray diffraction (XRD; Smartlab, 

Rigaku Corp., Japan). The morphology of the BT particle was observed by field-emission 

scanning electron microscopy (FE-SEM; JSM-6335M, JEOL Ltd., Japan). Transmission 

electron microscopy (TEM), high-resolution TEM (HRTEM), images and corresponding 
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fast Fourier transform (FFT) pattern were carried out at accelerating voltage of 200KV 

by US70, Hitachi Ltd., Japan. The PS and size distribution of the dry powder were 

determined by analyzing the FE-SEM images with the specialized software SMileView 

(JEOL, Japan). The dispersion of the powder in aqueous solution was evaluated by 

Dynamic light scattering (DLS; FPAR-10001, Otsuka Electronics Co., Ltd., Japan) with 

aqueous suspension of 1 wt% LBT–PVP. The dispersion state of LBT-PVPs in aqueous 

was directly observed by FE-SEM with a Trans-SEM of sample holder. The sample 

suspension was drop into the chamber in the TransSEM holder between two silicon nitride 

films. As the reported by Izu et al., [23] a 3 µL 1 wt.% BT–PV aqueous suspension was 

dropped into the chamber, and set in the SEM to be scanned by a secondary electron 

detector. Thermogravimetric analysis (TGA; TG-DTA2010SA. Bruker AXS K.K., 

Germany) was used to evaluate the amount of PVP adsorbed on the surface BT. The 

chemical bonding of the PVP dispersant on the surface of BT was identified by Fourier-

transform infrared (FT-IR) spectrometry (FT/IR-610, JASCO, Japan). The zeta-potential 

of LBT-PVPs were evaluated by ELS-Z1/Z2 (Ostuka Electronics Co., Ltd., Japan).  

 

2.3 Results 

2.3. 1 Effects of reaction temperature and reaction time 
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Fig. 2.3-1 XRD (a) and FE-SEM image (b) of LBT–PVP prepared in different 

temperature. (i) 75°C, (ii) 80°C, (iii) 85°C, (iv) 90°C 

 

The effect of temperature on LBT–PVP synthesis was investigated. The 

concentration of precursors Ti and Ba were 0.2M respectively, the mineral KOH was 

1.8M, and the dispersant PVP was 100 g/L. The samples were collected as the reaction 

solution temperature reached to 75, 80, 85, and 90 °C. Fig.2.3 -1(a) shows XRD 

diffraction patterns of LBT–PVP collected in each temperatures of reaction solution. The 

weak peaks of BT collected at 75 ºC could be observed, indicating that LBT-PVP has 

begun to form. On the other hand, the peak of LBT–PVP collected in 80 °C, clearly 

observes with strong intensity, which is good agreement with the PDF card No: 79-2263, 

indicating that the phase of LBT–PVP collected at 80 °C is cubic, as Wada et al., [24] and 

Hai et al., [22] reported. The crystallite size of BT prepared at 75, 80, 85, and 90 °C was 
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20.9, 42.3, 39.7, and 39.7 nm, respectively calculated by Scherrer equation with the 

corresponding peak of (110) plane in XRD pattern. The crystallite size was twice times 

from 75-80 °C, but was not changed exceeded 80 °C. These indicates that the crystallite 

growth was so fast until 80 °C. 

Fig. 2.3-1(b) is the FE-SEM image of the dried powder collected at 75–90 °C. The 

drying sample collected at 75 °C is a gel. Several 10-20 nm fine particles are buried in 

the gel. This agrees to XRD pattern, that the intensity of LBT–PVP peak is very weak in 

Fig. 2.3-1(a). The uniform spherical particles can be observed from 80 °C, and the PS 

was not change with increasing temperature. 

 

  

Fig. 2.3-2(a) TEM image of LBT‒PVP prepared at 80 ºC. (b) HRTEM image (c) An 

enlarged HRTEM image of the square surrounded by red line. 
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In order to directly to observe the particle crystallinity, the LBT–PVP prepared with 

PVP 100g/L in 80 °C was selected to be observed by TEM. The image of TEM shows in 

Fig. 2.3-2(a). It can be seen that the spherical particle consists with several crystals 

separated by grain boundary as red dashed line surrounded. Figure. 2.3-2 (b) shows 

the HRTEM image of the particle surrounded by red dashed line in Figure. 

2.3-2 (a). The lattice fringes can be observed, but is not continuous. The interval 

of lattice fringe is 0.283 nm, which agree with the spacing of the (110) planes of the cubic 

BT structure in the Fig. 2.3-2 (c) that the enlarged image of the square 

surrounded by red lines in Fig. 2.3. 2 (b). These results indicate that the 

particle of LBT-PVP is cubic polycrystalline.  

  

Fig. 2.3-3(a) TEM Image of LBT-PVPs prepared in 90℃for 2h. (b) and (c) are TEM 

images of (a) observation in 

 

The particle (Fig. 2.3-3(a)) was observed in restricting the field of view with the 
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restricted visual field diaphragm as a whole, the alignment of two periodic diffraction 

points was confirmed. Each one of diffraction points with a periodicity was observed in 

dark field, Fig. 2.3-3(b) and (c) show the images. These results indicate that the particle 

is consisted with several single crystals in different orientation via aggregation of single 

crystals. It also proves that the particle of BT prepared in low temperature under 

atmosphere is poly-crystal. 

 

Fig. 2-3-4 XRD (a) and FE-SEM image (b) of LBT–PVP prepared in different reaction 

time. (i) 0 min, (ii) 60 min, (iii) 120 min, (iv)180 min 

 

It can be concluded that the LBT–PVP particles could be prepared from 75 °C, and the 

PS is not change with temperature increasing above 80 °C based on the above results of 

temperature effect. Then the effect of reaction time on the particle growth was 

investigated at 80 °C. The samples were collected as the reaction time reached 0, 20, 40, 
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60, 90, 120, 150, 180, 210, and 240 min. Fig. 2.3-4(a) is the XRD diffraction patterns of 

these samples, which demonstrates that the phase of the samples is cubic, agreement to 

the result in Fig. 2.3-1(a) and proving that the cubic phase did not change with reaction 

time. It also can be observed that the peak intensity of BaCO3 marked with black spots is 

stronger than the peak in Fig. 2.3-1.It indicates that BaCO3 formation is unavoidable 

under CO2-free in atmosphere and the amount of impurity BaCO3 slightly increase with 

reaction time. Wada et al., [24] also reported that the purity BaTiO3 could be synthesized 

in a N2 atmosphere. The spherical particle could be observed in FE-SEM image as Fig 

2.3-4(b) showing. The spherical particles were formed at 0 min (the start time), and their 

morphology and size did not change with increasing reaction time. It indicates that the 

progress of reaction was very fast for a raw material concentration of 0.2 M. T Fig.2.3.1-

4 shows the relationship between the PS measured by the FE-SEM image and reaction 

time. The particles do not grow large with reaction time around 170 nm. It maybe that the 

PVP becomes thin layer absorbed on the BT surface, and prevents the further growth of 

BT particle. 
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Fig.2.3-5 Relationship between PS of BT‒PVP and reaction time. 

2.3.2 Effect of Ba concentration 

 

Fig. 2.3-6 (a) FE-SEM images and (b) DLS pattern of nanoparticle LBT–PVPs prepared 

in different concentration Ba2+. The Ti4+ concentration is fixed at 0.2 M, and Ba2+ 

concentration is (i) 0.2 (ii) 0.3 and (iii) 0.4 M.  
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In our previous study, the PS of LBT–PVP was around 250 nm prepared at 0.1 M Ba 

and 0.1M Ti sources [22]. In order to reduce the PS, the raw material concentration of Ba 

and Ti were increased two times. In addition, the Ba concentration was adjusted to 0.2 

and 0.4 M. Fig. 2.3-6 (a) is FE-SEM images of LBT‒PVP powder prepared at different 

Ba concentrations. The PS of LBT‒PVP decreased from 130, 62 to 52 nm with increasing 

Ba concentration from 0.2, 0.3, to 0.4 M respectively. As the classical nucleation and 

growth model that reported by Li and Shin [25] the driving forces for nucleation becomes 

stronger with increasing Ba concentration, the large amount of small nuclei were formed 

in reaction solution, then particles growth were restrained. The spherical and uniform 

morphology of the LBT–PVP nanoparticles were also observed in the FE‒SEM images.  

The dispersion of LBT–PVP nanoparticle was evaluated by PS measured by DLS with 

1 wt% LBT–PVP aqueous suspension. Fig. 2.3-6 (b) shows the DLS pattern of LBT–

PVPs prepared at different Ba concentration. The particles size increases from 175, 296 

to 386 nm with the Ba concentration increasing. The PS distribution is the narrowest at a 

Ba concentration of 0.2M, and then becomes broad with increasing Ba concentration. The 

LBT-PVP particles prepared at 0.2M Ba in aqueous solution demonstrate mono-

dispersion for the PS is close that measured by SEM and DLS respectively (130 nm 

measured by SEM, 175 nm measured DLS). But the LBT-PVPs particles prepared at 0.3, 
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0.4 M Ba in aqueous solution demonstrate strong aggregation from several particles for 

the PS measured by DLS are larger (296, 386 nm) than that one measured by FE–SEM 

(62, 52 nm). It concludes that the PS decreases and re-dispersion becomes poor with raw 

material concentration increasing.  

2.3.3 Effect of KOH concentration 

 

Fig. 2.3-7 (a) FE-SEM images and (b) DLS pattern of nanoparticle LBT–PVPs prepared 

in different KOH concentration. (i) 1.6, (ii) 1.8, (iii) 2.3, (iv) 2.5 M 

 

Lee et al., [26] suggested that the mineral agent KOH affect the formation of 

[Ti(OH)4]
4-x and the chemical reaction of Ba2+ to [Ti(OH)4]

4-x. So it is very important to 

investigate the effect KOH concentration on the PS, morphology, and dispersion in this 

study with PVP in reaction solution.  



27 

 

Fig. 2.3-7(a) shows FE-SEM images of nanoparticle LBT–PVPs prepared in different 

KOH concentration. The PS of LBT–PVPs decreased from 201, 130, 102 to 86 nm with 

KOH concentration increasing 1.6, 1.8, 2.3, 2.5 M. Fig. 2.3-7(b) shows DLS pattern of 

these nanoparticle LBT–PVPs in aqueous solution. It can be observed that only the LBT–

PVP prepared at 1.8M KOH solution demonstrates high dispersion for the DLS patterns 

of five sequential measurements are almost same as. Although the PS (175 nm) measured 

by DLS slightly larger than that one (130 nm) measured by SEM, it was thought that the 

LBT‒PVP demonstrated mono-dispersion in aqueous solution. Izu et al., [23] has 

reported the PS measured by DLS is calculated from the refractive index and viscosity of 

the dispersion solution, it is usually larger than that measured by SEM.  

 

Fig. 2.3-8 Effect of KOH concentration on the PS of LBT–PVPs that measured by FE-

SEM (a) and DLS (b) respectively. The LBT–PVPs prepared at material sources ratio of 



28 

 

Ti: Ba is 0.2: 0.2, 0.2: 0.3, and 0.2 M: 0.4 M respectively and the other condition is PVP 

=100 g/L 80 ºC, 1h 

 

The relationship of KOH concentration and PS of LBT-PVP measured by FE-SEM (a) 

and DLS (b) shows in Fig. 2.3-8. The BT-PVPs were prepared for different mole ratios: 

[Ti]/[Ba] = 0.2 M:0.2 M, 0.2 M:0.3 M, and 0.2 M:0.4 M. The PS measured by FE-SEM 

decreased with the KOH and Ba concentration increasing as show in Fig. 2.3.3-2 (a). Lee 

et al., [26] and Newalkar et al., [27] also reported same tendency. As the section 2.3.2 

discussed, it was though that high KOH concentration also accelerated the nucleation and 

crystal formation. The particle growth is suppressed for the large number of small crystals 

formation in reaction. 

The relationship between the KOH concentration and LBT-PVP dispersion is shown in 

Fig. 2.3-8 (b). The dispersion is evaluated by the PS of LBT-PVP in aqueous solution 

measured by DLS. The PS is very small around 200nm that prepared at [Ti]/[Ba] ratio of 

0.2 M:0.2 M under KOH concentration range from 1.7 to 1.9 M. The LBT-PVP particles 

show high dispersion that prepared in this range of KOH concentration comparing with 

the powder PS 150 nm as Fig. 2.3-8(a) showing. The range of KOH concentration is from 

1.4 to 1.9 M for [Ti]/[Ba] ratios of 0.2 M:0.3 M and 0.2 M:0.4 M. The PS is 250, and 400 

nm respectively. The particles show slight aggregation comparing with the powder’s PS 
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under 100 nm as showing in Fig. 2.3-8 (a). This indicates that the aggregation of 

nanoparticles become strong with PS of powder decreasing, so the PS measured by DLS 

increases with Ba concentration increasing. There is optimum kOH concentration for 

mono-dispersion BT-PVP prepared at different source ratio of [Ti]/[Ba], such as the 

source ratio of [Ti]/[Ba] = 0.2 M:0.3 M showed at 1.4 M KOH, because the PS of 114 nm 

measured by FE-SEM is closed to that of 162 nm measured by DLS and for [Ti]/[Ba] = 

0.2 M:0.2 M showed at 1.8 M KOH, because the PS of 130 nm measured by FE-SEM 

was closed to that of 175 nm measured by DLS.  

2.3.4 Effect of PVP concentration 

 

Fig.2.3-9 XRD diffraction pattern (a) and FE-SEM images (b) of LBT‒PVPs prepared 

with different concentration PVP solution. (a) 0, (b) 25, (c) 100, and (d) 450 g/L. 

 

It has been reported that the morphology, size, and dispersion of nanoparticles could 
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be adjusted in situ polymer-assisted particle growth [23, 28]. In our previous study, it has 

been reported that the effect of PVP concentration on the PS and dispersion of BT‒PVP 

[22]. The results demonstrated that the PS decreased with PVP concentration increasing. 

But it was inadequate for the source concentration (0.1 M) was low, and PVP 

concentration range (60–200 g/L) was narrow. In this study the source concentration of 

Ba and Ti are doubled. It is well known that the PS will be small as the source 

concentration increasing. In order to disperse the small BT-PVP particles, the range of the 

PVP concentration had to be further broadened from 0 to 450 g/L. Fig 2.3-9(a) is the XRD 

pattern of BT‒PVPs prepared by different PVP concentration. Their phases were cubic 

for good agreement to PDF card No: 01-79- 2263. The lattice parameter and crystallite 

size was calculated by Scherrer’s Equation using the (110) plane peak in XRD pattern. 

The lattice parameter was 4.04 Å, indicating that it did not change with PVP concentration. 

However, the crystallite size decreased from 48.7 to 39.2 nm with the PVP concentration 

increasing from 0 to 300 g/L. On the contrary, as the PVP concentration further increased, 

the crystallite increased to 50.7 nm which was close to the size of BT‒PVP prepared 

without PVP. It can be observed that the morphology of these BT‒PVPs were spherical 

although PS were decreased from 205 to 97 nm with PVP concentration increasing as the 

Fig 2.3-9(b) showing. Table 2.3-1 summarize these results in detail.   
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 Table 2.3-1 Calculation and measurement results of LBT–PVPs prepared in different 

PVP concentrations. The molecular weight of PVP was 10,000 g/mol.  

 
a Calculated using Scherrer’s equation.  

b Measured by FE-SEM.  

 

Fig. 2.3-10 (a) Effect of PVP concentration on PS, crystallite size, and average number 

of crystallite in a particle of LBT‒PVP. (b) Effect of PVP concentration on the PS of 

LBT‒PVPs measured by FE-SEM and DLS. 

 

Sample PVP conc. 

(g/L) 

Lattice parameter 

(Å) 

Crystallite sizea 

(nm) 

PSb 

(nm) 

Crystalline No. 

in a particle 

Conc.1 0 4.0404 48.7 205 75 

Conc.2 25 4.0401 49.0 191 59 

Conc.3 50 4.0428 44.5 141 31 

Conc.4 100 4.0408 43.3 130 27 

Conc.5 200 4.0409 40.1 120 26 

Conc.6 300 4.0405 39.2 102 18 

Conc.7 350 4.0399 51.8 116 11 

Conc.8 450 4.0423 50.7 97 7 
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Fig. 2.3-10 (a) shows the effect of PVP concentration on PS, crystallite size, and 

average number of crystallite in a particle. The PS of LBT‒PVPs decreased from 205 to 

97 nm with increasing PVP concentration, indicating that the particle growth was 

inhabited by PVP. The numbers of crystallite in a particle was calculated by the spherical 

volume of a LBT‒PVP divided by a crystallite volume (also regarded as sphere). The 

numbers of crystallite in a particle decreased with PVP concentration increasing. It 

indicates that the particle was consisted of several crystallites. It is well known that the 

crystallite growth is due to the strong attractive force among BT nucleus, the particle 

growth induces from the aggregation of several crystallites by relatively weak attractive 

force. It has been reported that the space among PVP network decreases with PVP 

concentration increasing [29]. The growth of particle and crystallite have to remove the 

interference from the PVP network, so the size of particle and crystallite became small 

with the PVP concentration increasing. It is possible that the particle growth was badly 

distributed in a high PVP concentration (such as 450 g/L), the crystallite growth is in 

priority from the viewpoint of attractive force. Perhaps it is this reason that led to the 

crystallite size became large again that was close to the LBT‒PVP prepared without PVP.    

Fig. 2.3-10 (b) shows the effect of PVP concentration on the PS of LBT‒PVP prepared 

in different PVP concentration measured by FE-SEM and DLS respectively. Only LBT‒
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PVP prepared in 100 g/L PVP aqueous shows mono-dispersion, for the PS measured by 

FE-SEM (130 nm) and DLS (175 nm) was very close. And the size distribution measured 

by DLS is the narrowest than the other samples. These results indicate that there is 

optimum value PVP concentration to prepare mono-dispersion LBT‒PVP. The PS of 

LBT‒PVP measured by FE-SEM decreased with PVP concentration increasing, on the 

other hands the PS measured by DLS shows V-shape trend that the PVP concentration of 

100 g/L being as the bottom point. These results demonstrate that the particles show 

different degree of aggregation except the BT‒PVP prepared in 100 g/L PVP solution. 

2.3.5 Effect of PVP molecular weight (Mw, PVP)  

 In order to examine the effect of different molecular weight of PVP on LBT−PVP 

synthesis, particle growth, and particle dispersion, the PVP concentration was fixed at 50 

g/L which the highest Mw, PVP of 360,000 g/mol could be also dissolved at ambient 

temperature.  
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Fig.2.3-11 XRD diffraction pattern (a) and FE-SEM images (b) of LBT‒PVPs prepared 

in different PVP molecular weight. (a) 2500, (b) 10000, (c) 40000, and (d) 360000 g/mol. 

 

Fig.2.3-11(a) shows the XRD diffraction pattern of LBT‒PVPs prepared with different 

PVP molecular weight. The phase of LBT-PVPs is cubic for a good agreement to JCPDS 

card No. 79-2263. The lattice parameter (4.04 Å) and crystallite size (~42 nm) were 

calculated as described in section 2.3.4, indicating that Mw, PVP does not affect the 

crystallite size and lattice parameter in this PVP concentration. Fig.2.3-11(b) is their FE-

SEM images. The spherical particles size around 140 nm, did not change with Mw, PVP 

increasing. Table 2.3-2 was summarized these results in detail.  
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Table. 2.3-2. Results of LBT–PVP prepared with different molecular weights PVP. The 

concentration of PVP was 50 g/L. 

a Calculated using Scherrer’s equation.  
b Measured by FE-SEM.  

 

 

Fig. 2.3-12 (a) Effect of PVP molecular weigh on PS, crystallite size, and average 

number of crystallite in a particle of LBT‒PVP. (b) Effect of PVP molecular weigh on the 

PS of LBT‒PVPs measured by FE-SEM and DLS 

 

Sample Mw,PVP 

(g/mol) 

Lattice parameter 

(Å) 

Crystallite sizea 

(nm) 

PSb 

(nm) 

Crystalline No. 

in a particle 

Mw1 2500 4.0469 45.5 143.8 32 

Mw2 10,000 4.0428 44.5 141.0 32 

Mw3 40,000 4.0433 43.1 143.5 36 

Mw4 130,000 4.0444 42.2 151.5 46 

Mw5 360,000 4.0432 42.3 132.2 31 
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As the section 2.3.4 described method, the number of crystallites in a particle was 

calculated, based on Table.2.3-2, Fig. 2.3-12 (a) were plotted. It can be observed that the 

PS (140nm), crystallite size (43 nm) and the number of crystallites (40 N) in a particle did 

not changed with the Mw PVP increasing. This result is different to Izu et al., [30] reported 

that the PS decreased with Mw PVP increasing, for the viscosity of reaction solution 

increase with molecular weight of polymer, and the particle growth was inhabited.The 

PVP concentration was too low in our study (50 g/L) that was less than half (120 g/L) of 

Izu et al., the viscosity of reaction solution was so low that the PVP network was not 

enough to affect the growth of particle and crystallite. These results indicate that the 

influence of Mw PVP appears after exceeding a certain PVP concentration. 

Fig. 2.3-12 (b) shows the effect of Mw PVP on the re-dispersion of LBT‒PVPs 

prepared in different Mw PVP reaction solution. The PS around 300 nm measured by DLS 

do not change with Mw PVP except the LBT‒PVP prepared with 2500 g/mol, which is 

double of the results around 140 nm measured by SEM . These results indicate that the 

re-dispersion of the LBT‒PVPs in aqueous solution were very high, and was not affected 

by Mw PVP as it above 10000 g/L in our study. But the LBT‒PVP prepared 2500 g/mol 

demonstrated strong aggregation for the PS around 2500 nm which is very larger than 

that one around 140 nm measured by SEM. It indicates that the minimum Mw PVP is 
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essential to prevent aggregation of 140 nm LBT-PVP particles in aqueous solution. 

 

2.4 Discussion  

2.4.1. Mechanism of LBT–PVP nanoparticle growth 

So far dissolution-precipitation [31] and in situ transformation [32] are proposed for the 

formation of BT nanoparticles. Base on the above experiment results it is believed that 

the formation of LBT-PVP nanoparticle follows the dissolution-precipitation mechanism 

in this study.  

In our study we investigated the factors that influence the growth of particles from two 

aspects. One is the amount of nuclei of BT forming and the other is the environment of 

the nuclei existing. The amount of BT nucleus is relatively less as the concentration of Ti, 

Ba, and KOH was low in reaction solution. So the size of particle and crystalline are 

relatively large. But the amount of nucleus of BT increases with the concentration of Ti, 

Ba, and KOH increasing, results large number crystalline BT aggregated from nucleus 

exist in reaction solution. The particle growth would be inhabited by the large amount of 

small crystallite and results large number small nanoparticle in reaction solution as the 

classical nucleation and growth model. In the other hand, the growth of particle and 

crystalline have to migrate PVP to remove the hindrance from the network of PVP 
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molecules in reaction solution, and secure the growth space. The growth space become 

narrow with PVP concentration increasing for the network of PVPs becoming dense. It is 

common that the network of PVP increase with the Mw, PVP increasing. However our 

results are not consistent with this inclination for the PVP concentration is too low to form 

PVP network in reaction solution. So It was found that Mw, PVP did not affect the growth 

of crystalline and particle.       

2.4.2. Mechanism of LBT–PVP nanoparticle dispersion  

 

Fig. 2.4-1 (a) TGDTA pattern of LBT‒PVP prepared in Ti: Ba = 0.2: 0.2, PVP= 100 g/L, 

KOH= 1.8 M, 80 ºC, 1h. (b) Relationship between the amount of PVP adsorbed on the 

surface and the KOH concentration. 

 

Fig. 2.4-1 (a) is TGDTA curve of LBT‒PVP prepared in standard condition. It 

demonstrates that there is amount of PVP on the surface BT, for there is weight loss (4.1 



39 

 

wt.%) around 200‒800 ºC , and exothermic peak around 200‒ 400 ºC which is considered 

of PVP combustion [33]. The amount of PVP adsorbed on the surface BT prepared in 

different concentration of KOH reaction solution is plotted in Fig. 2. 4-1 (b). It can be 

seen that the amount of PVP increases with KOH concentration increasing, indicating that 

the KOH concentration not only affects particle growth, but also affects the amount of 

PVP adsorbed on the BT surface. In the other words that KOH indirectly affects the 

dispersion of LBT‒PVP. From the Fig. 2.4-1(b) it can be seen that the amount of PVP is 

also increase with Ba concentration increasing at the same KOH concentration. It is 

thought that the PS decreased with Ba concentration increasing as the section.2.3.2 

described, and led to an increase in total area of the particle surface. As a results, the 

amount of PVP adsorbed on LBT‒PVP prepared in excess of Ba sources (0.3 and 0.4 M) 

were higher than that one prepared in Ti: Ba = 0.2: 0.2.reaction solution. It concludes that 

Ba is also affect the amount of PVP adsorption on the surface BT, and indirectly affect 

the dispersion of LBT-PVP.  
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Fig. 2. 4-2 (a) FE-SEM Images of LBT-PVPs prepared in different KOH concentration 

reaction solution. (b) FE-SEM Images of LBT-PVP prepared with PVP and BT prepared 

without PVP in their 1 wt% suspension. 

 

The morphology of PVP adsorbed on the BT was observed by FE-SEM with a low 

accelerating voltage of 2kV. In this observation condition, the PVP adsorbed on the 

surface BT was not transmitted. Fig. 2. 4-2 (a) shows the morphologies of PVP absorbed 

on the BT-PVP prepared in different KOH concentration reaction solution. The surface of 

LBT‒PVP prepared in 1.8 M KOH solution was very rough, PVP could not be confirmed. 

It maybe that the amount of PVP on the surface BT was small around 4.1 wt %. As the 

KOH concentration increased the surface became smooth (2.3 M), and gel (2.5 M) for the 

amount of PVP increasing from 10 to 17 wt %. It was considered that the gel is a cross-
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linked PVP through popcorn polymerization [34].   

As described in previous section the BT prepared without PVP demonstrates strong 

aggregation among particles, on the other hand the LBT‒PVP prepared in 100 g/L PVP 

solution showed mono-dispersion, for the PS is very close that measure by FE-SEM (130 

nm) and DLS (175 nm) respectively. In order to directly observe the dispersion state of 

LBT-PVP in aqueous solution, the BT and LBT-PVP 1wt.% suspension were put into a 

new sample holder namely trans-SEM as Izu et al., [23] reported. Fig. 2. 4- 2 (a) shows 

the SEM images of their re-dispersion morphology. The particle is marked with orange 

circle line, and the water is marked with green arrow. It can be observed that the spherical 

dark dots of LBT‒PVP nanoparticles are separated from each other and have no overlap, 

indicating that the LBT‒PVP nanoparticles spread and single layer in the holder. On the 

contrary, the large dark particles aggregation, and overlapped to each other are observed 

for BT without PVP. These images indicated that the dispersion was realized by the PVP 

that adsorbed on the surface BT, and the aggregation cause from the attractive force 

among the particles.   
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  Fig. 2. 4-3 (a) FT-IR spectrum of BT, LBT‒PVP 10000, and PVP. (b) Effect of pH on 

the zeta potential of the BT (prepared without PVP), BT‒PVP10000 (prepared with 10000 

g/mol PVP), and BT‒PVP 2500 (prepared with 2500 g/mol PVP). 

 

The chemical structure of PVP adsorbed on the BT surface, and interaction between 

PVP and BT were investigated by FT-IR. Fig. 2. 4-3 (a) is the FI-IR spectrum of BT, BT-

PVP10000, and PVP. The chemical structure of PVP adsorbed on the BT was not 

decomposed in reaction, comparing with PVP and BT spectrums, indicating that PVP 

contributed to the dispersion of BT while maintained its own chemical structure. But the 

stretching vibration peak of C=O [35] slightly shifted to the lower wavenumber 1660cm-

1 than PVP’s(1670cm-1). It also can be observed the stretching vibration peak of OH 

around 3400cm-1 for the BT without coated by PVP. As the monodispersed PVP-coated 

ZnO in an alkali solution reported [36], BT‒PVP was also guessed that the surface of BT 
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was attached by a large quantity hydroxide ion (OH⁻) in an alkali solution, and lead to the 

peak (C=O) slightly shift to low wavenumber as the inset illustration of their interaction.  

  It is well known that PVP as a dispersant can be prevent nanoparticles aggregation. 

[28]  As the section 2.3.4 and 2.3.5 described, the particles of BT (prepared without 

PVP ) , and LBT-PVP 2500 (prepared with 2500 g/mol ) were strong aggregation for each 

other in their aqueous suspension, but the particles of LBT-PVP 10000(prepared with 

10000 g/mol) demonstrates mono-dispersion in its aqueous suspension. In order to 

understand the dispersion mechanism of PVP, the electrostatic stabilization of BT, LBT‒

PVP2500, and LBT‒PVP10000 were evaluated by the zeta potential via the charge at the 

particle surface of an electrical double layer in their aqueous suspension. The isoelectric 

point (IEP) is the pH where the charge of anions and cations are equal in solution. The 

IEP is a useful value to understand the particles behaviour in suspension. The true IEP of 

BT is around pH= 6.5 has been reported by M.C. Blanco-Lopez et al., [37] the IEP of 

ceramic oxide fluctuates within the range of ± 2 strongly depends on the source material 

and synthesis condition [38,39]. Fig. 2. 4-3 (b) shows the pH effect of suspension solution 

on their zeta potentials. The zeta potential of BT is from 20 to-20 mV with pH increasing, 

and the IEP is at pH=9. The PS of BT was about 200 nm, and prepared in the aqueous 

solution, maybe this lead to the IEP slightly large. But the zeta potential of BT‒PVP2500 
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prepared with 2500 g/mol PVP is from 10 to -20 mV with pH increasing, and the IEP is 

slightly shifted to low pH=7 value. This may be due to the surface of BT covered by PVP. 

But the amount and length of PVP was not enough to prevent the aggregation of 

nanoparticles, so the zeta potential of BT‒PVP2500 showed the similar behavior as 

aggregation of BT in aqueous. On the other hands the zeta potential of BT-PVP10000 is 

constant value around -4 and -10 mV without IEP, although pH changes from 4-10.It 

indicates that LBT‒PVP10000 demonstrates extremely stability in aqueous suspension. 

The mono-dispersion of LBT-PVP10000 is realized by its steric effect for the PVP is 

nonionic dispersant. But minimum length of PVP is required to maintain mono-dispersion 

of LBT-PVP nanoparticle. So the length of molecular weight 2500 g/L PVP is too short 

to prevent the nanoparticles aggregation. 

 

 Fig. 2. 4-4. Effect of PVP concentration (a) and molecular weight (b) on the PS, core 

size and PVP shell thickness. 
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As Fig. 2. 4-2 (a) showing, the morphology of the surface of BT became smoother with 

amount of PVP increasing. So the nanoparticles of LBT‒PVP was regarded to be core 

(BT) –shell (PVP) structure. In order to quantitatively understand the dispersibility of 

PVP, the shell thickness of PVP was evaluated by the under equations (1) and (2) as the 

Izu et al., [30] reported  
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WL is the amount of PVP that absorbed on the surface BT which evaluated by weight 

loss of TG data from 200 to 700 ºC. ds and ts represent the diameter of BT core and the 

thickness of the PVP respectively. Dc and Ds represent the density of BT (6.02 g/cm3) and 

PVP (1.66 g/cm3 [40]). dcs is the diameter particle LBT–PVP.        

Fig. 2. 4-4(a) shows the effect of PVP concentration on the PS, core size and the shell 

thickness. The size of particle and core decreased with the PVP concentration increasing. 

And the shell thickness increased from 2.0 to 7.7 nm as the PVP concentration increased 

from 25 to 450 g/L. It was known that the LBT‒PVP prepared at 100 g/L PVP solution 
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demonstrated mono-dispersion, as Fig. 2.3-6 (b) showing. The shell thickness was just 

2.8 nm, indicating that the PVP shell was very thin. Maybe, the PVP molecules easily 

spread for the thin PVP shell in solution, and maintain the high dispersion of LBT‒PVP 

via the PVP steric effect. If the thickness of PVP shell is thinner than 2.8 nm the 

agglomeration was caused by the attractive force of the nanoparticle surface of LBT‒PVP. 

And as the thickness of PVP shell is thicker than the 5 nm the agglomeration was caused 

by cross-linking of PVP.              

Fig. 2. 4-4(b) shows the effect of PVP molecular. The size of particle and core did not 

change with Mw PVP increasing. And the thickness of PVP shell did not change around 

5 nm except the LBT‒PVP prepared with 2500 g/mol PVP. It indicates that the high 

dispersion is maintained by the thin layer although Mw PVP increasing. The length of 

PVP was very longer than the shell thickness. It maybe that the PVP was adsorbed on the 

BT surface with many loops.  

 

Fig. 2.4-5 TEM images of BT-PVP prepared in different PVP concentration.(a): PVP= 
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100g/L, (b): PVP=400 g/L 

 

The thickness of PVP is around 2-8 nm with different concentration and molecular 

weight of PVP. Especially the thickness of mono-dispersion BT-PVP prepared with 

100g/L is around 2.8 nm, but the layer of PVP could not be observed in its TEM image 

showing in Fig. 2.4-5(a). It indicates that the most of PVP is involved into the particle, 

and only a small part of PVP remains on the particle surface with particles growth. The 

small part of PVP is the optimum amount to prevent the aggregation of BT nanoparticle. 

As PVP concentration increases, it is observed that PVPs were entangled as Fig. 2. 4-5(b) 

showing, indicating that the aggregation cause from the PVP entanglement.  

 

2.5 Conclusion 

 High dispersion spherical BT‒PVP nanoparticles were prepared at ~80 °C using TiCl4, 

BaCl2, and PVP in an aqueous reaction solution with a single-step. The effect factors on 

the growth and the dispersion of the cubic nanoparticle LBT‒PVP were investigated, such 

as temperature, time, raw material concentrations, KOH concentrations, PVP 

concentrations, and molecular weight of PVP. These factors mainly from two aspects 

directly or indirectly affect the growth of particles: one is the amount of BT nucleus 
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formation such as concentration of Ba, Ti, and the other is BT nucleus existing 

environment such as concentration of KOH, PVP and Mw PVP. It is found that mono-

dispersion of BT‒PVP that the PS was 114 nm analyzed by FE-SEM could be prepared 

the optimum condition by using a [Ti]/[Ba] molar ratio of 0.2:0.3 , [KOH] of 1.4M, and 

10000 g/mol [PVP] of 100 g/L. There is optimum condition synthesis for high dispersion 

LBT-PVP shows in Fig. 2.5-1 with pale green. The aggregation of nanoparticle BT-PVP 

is via attractive force in the agglomeration area with white color, and the aggregation is 

via PVP entanglement in the gel area with dark green. 

       

  Fig. 2.5-1 Relationship between PS and KOH concentration at different of 

concentration ratios. 

 

At the same time the dispersion mechanism was investigated. High dispersion of LBT‒ 
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PVP realizes by physical adsorption and the steric effect of dispersant PVP. And the 

dispersion state in solution was directly observed by the FE-SEM with a new holder. 

Through comparing the shell thickness of core-shell LBT-PVP nanoparticle to theirs TEM 

image, it confirmed that most part amount of PVP exists inside of particle. KOH 

concentration indirectly affects the amount of PVP adsorbed on the BT surface. And the 

effect of Mw PVP on the particle growth and dispersion of LBT‒ PVP have to exceed the 

critical concentration that the PVP molecules form network in reaction solution.  
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3. High dispersion tetragonal BaTiO3 synthesis and evaluation 

 

3.1 Introduction  

It is well known that BaTiO3 (BT) is widely applied to multilayer ceramic capacitors 

(MLCCs), piezoelectric transducers, because for its ferroelectricity [1-3] and 

piezoelectricity [4-6]. The dielectric layers of MLCCs becomes thinner and thinner with 

the market requirement of miniaturization of electronic devices. It is very important to 

synthesize highly disperser nanoparticle of tetragonal BT to ensure the performance of 

miniature electronic components. But it is limited to synthesize highly disperse cubic BT 

nanoparticles under atmospheric pressure and low temperature condition as the chapter. 

2 described.  

The tetragonal BT nanoparticle is mainly prepared by solid-phase and liquid-phase 

methods in recently years. Comparing with solid-phase method, the hydrothermal as a 

one of liquid method can be easily prepared tetragonal nanoparticle BT with narrow size 

distributions [7-10] at much lower reaction temperatures. The drawback of OH lattice 

defect in aqueous reaction solutions could be suppressed by replacing organic solvent 

[11] or adding several percent organic solvent in aqueous reaction solutions [12, 13]. It is 

also indispensable of dispersant to maintain highly disperse nanoparticle BT. 
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Polyvinylpyrrolidone was also used here as low temperature process under atmospheric 

pressure. It is concerned whether the PVP decomposes in the high temperature and 

pressure of hydrothermal method, and how changes of crystal phase with reaction 

temperature and time.           

In this section in order to prepare highly disperse tetragonal BT in a single step, a new 

PVP –assisted hydrothermal was developed that PVP was added with raw material into 

reactor. It is referred to HBT-PVP. The crystal phase and particle morphology with 

reaction temperature and time was investigate by X-ray diffraction, Transmission electron 

microscopy (TEM), high-resolution TEM (HRTEM) image. The chemical structure of 

PVP was analyzed by Fourier transform infrared spectroscopy (FT-IR). In addition, the 

mechanism of the observed particle dispersion and growth was discussed.  

It is well known that the mechanism of BT growth in hydrothermal is mainly two 

proposed: one is in-situ reaction and the other is dissolution-precipitation [14, 15]. In 

order to understand the role of these two theories in this study, two different Ti starting 

materials mixed by TiCl4 and TiO2 were used. And the ratio of TiO2 in Ti staring material 

were evaluated by the particle size and tetragonality of HBT-PVP. Furthermore the effects 

of reaction time and PVP concentration on the particle size, tetragonality, and 

dispersibility of HBT-PVP synthesis with TiO2 as staring material were also investigated. 
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3.2 Experiment  

3.2.1 Materials  

The reagents (TiCl4, BaCl2·2H2O, KOH, PVP) are same as section 2.2.1 described. 

The details of reagent grade and supplier refer to this section.     

3.2.2 Synthesis 

 The materials of 0.2 M TiCl4, 0.32 M BaCl2·2H2O, 100g/L PVP and 2.3 M KOH 

were put into a 50 mL Teflon container under constant stirring. The mixture solution was 

consisted with EtOH and distilled water in the volume ratio of 1:3. The total volume of 

reaction solution was 40 vol% of the 50-mL Teflon container. The Teflon container was 

sealed and set into autoclave. The synthesis was performed in desired temperature and 

time. The reaction factors was summarized in Table.3.2-1. After reaction, it was cooled 

to room temperature, and the precipitation was obtained by centrifugation via removing 

supernatant. The precipitation was washed with distilled water and EtOH, and dried at 60 

ºC for 24h. 

Table.3.2-1. Reaction factor of HBT-PVP synthesis with TiCl4 as starting material   

 

Factor Temperature 

(ºC) 

Time 

(h) 

PVP concentration 

(g/L) 

Temperature 150, 170, 190, 210, 230 24 100 

Time 24 1, 5, 9, 21, 24 100 
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Furthermore, difference Ti sources used in synthesis were also 

summarized in Table.3.2-2. 

 

Table.3.2-2. Reaction factor of HBT-PVP synthesis with TiCl4 and TiO2 as starting 

material 

Reaction Parameter 
TiO2  

(mol %) 

Reaction 

Time 

 (h) 

PVP Concentration  

(g/L) 

Content of TiO2 in 

TiCl4 
0, 1, 2, 10, 50, 100 24 50 

Time 
100 (TiO2) 5, 10, 24 

50 
0 (TiCl4) 5, 24 

PVP concentration 100 24 0, 1, 5, 50, 100, 200, 250 

3.2.3 Characterization 

The peak of (200) plane of HBT‒PVP in XRD pattern was fitted with Guassian curve to 

split into (200) and (002). The lattice constant of a and c was calculated with Scherrer’s 

Equation with the (200) and (002) plane. The tetragonality of BT‒PVP was calculated by 

c divided by a. The other instrument of analysis and measurement was same as section 

2.2.3 used. The details refer to the section 2.2.3. 

3.3 Results and discussion 

3.3.1. Effect of reaction temperature, time on particle growth of HBT-PVP   

It has been reported that tetragonal BT can be prepared by hydrothermal in 240 ºC [16]. 

And the adding several percent of organic solvent into the reaction solution can be 
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improved the tetragonality of BT via suppressing the defect of BT which causing the OH 

group in hydrotherml process [12]. The mixture solution of EtOH and distilled water and 

dispersant PVP were used to prepared high dispersion tetragonal HBT‒PVP. The 

mechanism of the particle growth was clarified from two reaction factors of temperature 

and time. 

 

Fig. 3.3-1 XRD (a) and FE-SEM (b) images of BT‒PVP prepared in different 

temperature for 24h. (a)150 ºC,(b)190 ºC, (c) 210ºC, (d)230 ºC. The inset is the XRD 

diffraction pattern from 44 to 46º. 

 

Fig.3.3-1 (a) is XRD of HBT‒PVPs prepared in different reaction temperature. The 

diffraction patterns of HBT‒PVP prepared at 150 and 190 ºC are in good agreement to 

the PDF card No: 01-079-2263, indicating that its crystalline phase are cubic. And the 
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crystalline phase of those prepared at 210 and 230 ºC are tetragonality for its XRD 

patterns agree to the PDF card No. 01-079-2264. These results indicate that the phases of 

HBT–PVP depends on the reaction temperature in hydrothermal, and the high 

temperature is advantage to form tetragonal phase. It is also can be observed that weak 

intensity peak of BaCO3 marked with red asterisk in XRD diffraction pattern. It is 

inevitable that the small amount of impurity BaCO3 being in our samples for CO2 present 

in atmospheric air and reaction solution. The tetragonal BT‒PVP can be obtained above 

210 ºC, although the splitting peak of (200) does not be observed in the inset of the XRD 

pattern around 44- 46º, but the peak was slightly wider than that prepared at 150, 190 ºC. 

It is speculate that the two split constitute the (200) plane peak. Fig.3.3-1 (b) is the FE-

SEM images of these HBT-PVPs prepared from 150 to 230 ºC. The particle size of HBT-

PVPs prepared at 150 and 190 ºC is very small around 50 nm, and showed torus-like 

shape. As the temperature increases to 210 ºC the particle size becomes large around 80 

nm, the ring of the torus becomes thick and the hole of the center became small. At last 

the center of the torus-like particle is completely filled up and grows into large cube shape 

around 83 nm at the 230 ºC.  
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Fig. 3.3-2 XRD (a) and FE-SEM (b) images of HBT‒PVP prepared for different 

reaction time in 230 ºC. The inset is the XRD diffraction pattern from 44 to 46º of 2θ. 

 

Fig.3.3-2 (a) is the XRD pattern of the HBT‒PVPs prepared for different reaction time. 

The phase of HBT‒PVPs prepared for 1, 5h were cubic for its XRD pattern matches to 

PDF No. 01-079-2263. And the phase of BT‒PVPs prepared for 20, 24 h are tetragonal 

for their XRD pattern matches to PDF card No 01-079-2264. As the section 3.3.3.1 

described the split peak of (200) plane of the tetragonal HBT‒PVPs are not observed but 

become wide with reaction time in the inset of XRD pattern around 44-46º. These results 

demonstrate that the reaction time also affect the phase of HBT‒PVP. The tetragonal 

HBT‒PVP could be prepared above 20 h. Fig.3.3-2 (b) is the FE-SEM images of these 
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HBT‒PVPs particles. The HBT‒PVP prepared for 1h was spherical small particle around 

50nm. Several small ring-shaped particles were also observed in the image. The 

morphology of HBT‒PVP particle changed from spherical to cube, and the particle size 

became large to 80 nm with reaction time. These results indicated that the particle growth 

is affected by the reaction time. 

 

 
(a) 

 
(b) 

  Fig. 3.3-3 Effects of temperature (a) and time (b) on particle size, crystalline size 

and tetragonality of HBT‒PVP. The tetragonal is calculated as the 3.2.3 section described. 

 

The effect of temperature is plotted in Fig.3.3-3 (a). The crystallite size increases from 

20 to 40 nm that calculated by Scherrer’s Equation with the full width at half maximum 

(FWHM) of the (110) diffraction peak in XRD pattern, and the particle size increases 

from 50 to 83 nm measured by SEM image with reaction temperature increasing. These 
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results reveal that a particle is consisted with several number of crystallites about 5-9. So 

the nanoparticle HBT‒PVP prepared hydrothermal method have a high crystallinity 

comparing with prepared in low temperature under atmospheric pressure. It has been 

reported that the tetragonal BT can be observed split two peak of (002) and (200) planes 

around 44–46º [17, 18]. The peak of the (200) plane were fitted with the Gaussian 

function, and separate into two peaks of (200) and (002) plane as reported Kwon et al 

[12]. The lattice parameters a and c are calculated and the tetragonality of HBT‒PVP 

particles is evaluated using the c/a value. The tetragonality of the HBT‒PVPs increases 

from 1.0001 to 1.0061 and rapidly increase around 190 and 210 ºC as Fig. 3.3-3 (a) 

showing. It indicates that the tetragonality of HBT‒PVP is affected by reaction 

temperature as reported by Uchino et al [19]. It also demonstrate that the crystallite critical 

size of HBT‒PVP phase is around 35 nm. The size is slightly larger than that Hoshina et 

al., [20] reported about 30 nm of the BT phase remained cubic. It may be related to the 

PVP in reaction system.  

The effect of the reaction time was plotted in Fig.3.3-3 (b). The particle size increases 

from 53 to 77nm as the reaction time was changed from 1 to 9 h. After that it is almost 

constant around 80 nm although the reaction time is further longer. At the same time the 

crystallite size also increase from 30 to 40 nm that calculated from the FWHM of the 
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corresponding peal of (110) plane in XRD diffraction pattern. This indicates that a particle 

is consisted by several crystallites. The tetragonality (c/a) increases from 1.001 to 1.0061 

with reaction time increasing. Especially, the value of tetragonality increasing is 

remarkable around 9-20 h. The phase of HBT‒PVP change from cubic to tetragonal in 

this range. The crystallite size of HBT-PVPs prepared in 9 and 20 h are 39 and 46 nm. 

This indicates that the critical size is around 40 nm. 

 

Fig. 3.3-4 TEM (a, b, c, d) and HRTEM (e, f) images of HBT‒PVP prepared in 

different temperature and time. The condition prepared of HBT‒PVP is (a) 230 ºC and 1 

h, (b) 150 ºC and 24 h, (c) 230 ºC and 5 h, (d) 230 ºC and 24 h. e and f are the particle 

marked with white circle dashed line in b and d respectively.  
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Fig.3.3-4 shows the TEM (a, b, c, d) and images of the HBT–PVP particles synthesized 

at various reaction temperatures and times. The particle size increases with the reaction 

time as the order of the figure.3.3-4(a, c, d) showing. The particle average size is 35, 60, 

to 80 nm respectively. The particle morphology changes from semi-round, donut-like 

ones to round-cube and cube ones. These results indicate that the particle growth is 

affected by reaction time. The temperature effect was also observed. Figure.3.3-4(b) 

shows the particle prepared in 150 ºC. There are many donut-like ones in the images. As 

the reaction temperature increasing, the particle size increase and the hollow of the donut-

like ones is filled up, grows into cube morphology as the figure.3.3-4(d) showing. The 

HRTEM image of figure. 3.3-4(e) shows the one of donuts-like particles marked with 

white dashed circle line in figure .3.3-4(b). The homogenous lattice fringe of (110) plane 

is observed in the center area, indicating that the center of the donut-like particle is not 

empty, the center density of BT relatively lower than the outside one. And the Figure. 3.3-

4(f) shows the particle marked with white dashed circle line in figure.3.3-4(d). The 

homogenous lattice fringe of (100) plane is observed in the whole of the particle 

indicating that the particle grows into single crystal. These results suggest that the donuts- 

like particle that prepared in low temperature and short time are filled up by the solid 

phase with reaction temperature and time. Although it has been reported that the torus 
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hole was filled up due to the diffusion of low-density crystallites from the torus center to 

the outside [21], but it is thought that the particle growth of HBT–PVP diffused from 

outside of high density crystallites to the inside of hole center in our study. And at last the 

HBT-PVP particle grows into single crystal with reaction temperature and time.  

3.3.2 Effect of difference Ti source on particle growth of HBT-PVP 

Fig. 3.3-5 (a) XRD diffraction pattern of BT-PVPs prepared in different ratio of TiO2. 

(b) Effect of the TiO2 ratio in the mixed source with TiO2 and TiCl4 on the particle size 

and tetragonality of HBT-PVP. 

 

In order to evaluate the effect of TiO2 sources, the reaction were prepared in aqueous 

solution. The total concentration of Ti mixed with TiO2 and TiCl4 is 0.2M. the other 

material concentration is 0.32M BaCl2·H2O, 100g/L PVP and 2.3M KOH. These 

 
(a) 

 
(b) 
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materials were mixed in aqueous and reacted in 230 ºC for 24h. Figure. 3.3-5 (a) shows 

XRD pattern of BT-PVPs prepared in different ratio TiO2. The phase of these BT-PVPs 

is tetragonal and not change with the TiO2 contents. The tetragonality is evaluated by the 

diffraction peak around 44 – 46 º. Figure. 3.3-5 (b) shows the effect of TiO2 ratio in Ti 

sources on the particle size and tetragonality (c/a) of BT-PVP. It can be seen that the 

particle size is 110 nm, does not change so much, but the tetragonality (c/a) increases 

from 1.0057 to 1.0072 with the TiO2 ratio increasing from 0 to 100 mol %. It indicates 

that the tetragonality increase although the particle size does not change in our study. In 

the other words that the higher tetragonality BT can be prepared by TiO2 than TiCl4 in 

PVP aqueous solution.  

It is thought that the particle size is slightly decreases is due to the difference reaction 

mechanism. Wada et al., [22] and Joung et al., [23] proposed two-step growth mechanism 

of BT. The BT-PVP prepared with TiO2 is similar to the proposal. Joung et al., obtained 

95 nm BT at 260 ºC for 60h, its c/a is 1.0081. But the 108 nm HBT-PVP can be prepared 

at 230 ºC for 24h, furthermore there is no residual TiO2 for the typical peak of 27.4º is not 

observed in their X-ray diffraction. It different from that Han et al., [24] reported. It is 

think that BT nucleation form in heterogeneously at the surface crystalline TiO2, and 

relatively small particles of high tetragonality are grown with the help of TiO2 substitution 
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in our study. 

3.3.3. Effect of reaction temperature and time on dispersion of HBT–PVP particles 

Fig. 3.3-6 Effect of reaction temperature (a) and time (b) on the particle size measured 

by SEM and DLS respectively 

In this section the dispersion of HBT‒PVPs prepared in different time and temperature 

were investigated by comparing particle size measured by SEM and DLS respectively. 

The HBT-PVP is considered to have a mono-dispersion when the particle size are same 

in dry powder and in the solution. Fig.3.3-6 (a) shows the effect of reaction temperature 

on the particle size. The particle size measure by DLS decreases from 371 to 143 nm and 

the coefficient of variation (CV) decreases from 190 to 30 % with the reaction 

temperature increasing. As the reaction temperature is low, the particle size measured by 

 

 (a) 

  

 (b) 
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SEM is very small around 50 nm, but that measured by DLS is large around 350 nm and 

its size distribution is very wide, indicating that HBT‒PVP have a strong aggregation. 

The particle size distribution become very narrow from 190 ºC, and the particle size of 

106 nm is close to 63 nm of dry powder. This indicates that the HBT-PVP is mono-

dispersion. Similarly the others prepared in 210 and 230 ºC also have a mono-dispersion. 

These demonstrate that the HBT‒PVP have a mono-dispersion from 190 ºC. The effect 

of reaction time shows in Fig.3.3-6 (b). The particle size measured by DLS decreases 

from 255 to 143 nm with reaction time increasing. It demonstrates mono-dispersion from 

9 h for the size distribution is very narrower (CV: 30 %) than that prepared in the short 

reaction time (CV: 180%).  

 

Fig. 3.3-7 TEM image of HBT‒PVPs prepared in 230 ºC for 5h (a) and 24h (b). 

 

Fig.3.3.-7 is the TEM images of HBT‒PVPs prepared in different time. It can be 
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observed that the particle shows in two contrast. It indicates that the particle have a core-

shell structure. The core is BT in dark contrast, and the shell is dispersant in light contrast 

for the lattice fringe is not observed, indicating that is amorphous organic matter. The 

shell thickness is 3.4 nm (Fig. (a)) and 2.6 nm (Fig. (b)) respectively that is consistent 

with their Tg results of 2.76 wt% and 0.91 wt%. It indicates that HBT-PVP prepared by 

hydrothermal is a core-shell structure. The organic matter contributes to the dispersion of 

HBT-PVP.  

 

Fig.3.3-8 (a) TGDTA of the BT prepared with and without PVP. (b) Relationship 

between zeta potential and pH. The LBT-PVP is that prepared by low temperature 

synthesis and the HBT-PVP is that prepared by hydrothermal method. 

 

 
 (a) 

 
(b) 
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Fig. 3.3-8(a) shows the TGDTA of the BT prepared with and without PVP. The HBT-

PVP prepared with PVP has a weight loss about 1wt% from 200 to 700 ºC and large 

exothermic peak around 200- 400 ºC, but the BT prepared without PVP does no observe 

weight loss and exothermic peak, indicating that the dispersant does not exists in the BT 

surface. Fig. 3.3-8(b) shows the relationship between the zeta potential and pH of BT, 

LBT‒PVP, and HBT‒PVP suspension. The LBT-PVP were prepared at low temperature 

synthesis under atmosphere and the HBT-PVP were prepared by hydrothermal method. 

Comparing with commercial BT without PVP coating, the zeta potential is from 20 to 40 

mV as the pH is around 3-11, and the zeta potential of the LBT-PVP around - 4- -10 mV 

with pH increasing from3 to 10 which demonstrate that the zeta potential is independence 

pH. As the Li et al., [25] reported that the dispersion is via the PVP steric effect of LBT-

PVP, On the other hand, it can be observe that zeta potential of the HBT-PVP decreases 

from 20 to -40 mV with pH increasing from 3 to 12. The zeta potential of HBT-PVP 

aqueous suspension is about -25.6 mV before the HBT-PVP suspension was adjusted that 

sufficiently maintain the high dispersion. It was close to –30 mV, at which the suspension 

was physically stable [26]. These demonstrate that the mono-dispersion of the HBT‒PVP 

is realized by electrostatic repulsion. It different from the LBT‒PVP as the section 2.4.2 

describe that the high dispersion is achieved by the PVP steric effect. It is speculated that 
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the PVP structure has been changed.  

  

 

Fig. 3. 3-9 FT-IR spectrum of PVP and HBT‒PVPs prepared in different reaction 

temperature (a) and time (b). 

 

PVP is an amphiphilic dispersant. In our previous study it has been reported that the 

high dispersion of LBT–PVP prepared in low temperature synthesis is realized by PVP 

steric effect that PVP adsorbed on the surface. Izu et al., [27]and Ito et al., [28] have 

reported that the PVP cross–linking was observed on the surface of CeO2 nanoparticles 

prepared under atmospheric pressure, and the pyrrolindone ring of PVP opened from the 

band of N-C=O in acidic solution. But we know that the dispersion of the HBT‒PVP that 

prepared by hydrothermal is realized by electrostatic repulsion. Therefore, it is necessary 
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to investigate the molecular structure of PVP in order to distinguish the different 

mechanism of HBT-PVP prepared by hydrothermal method. Fig. 3. 3-9 shows the FT-IR 

spectrum of PVP and HBT‒PVPs prepared in different reaction temperature (a) and time 

(b). Peaks of the PVP at 1640 cm-1 is attributed to symmetric C=O stretching, and 1280 

cm-1 corresponds to ring (CH2) wag + (CN) stretching [29]. The peak of C=O does not 

change with reaction temperature and time, but the corresponding peak of pyrrolindone 

at 1280cm-1 is decreased with temperature and time increasing. And a new peak at 1570 

cm-1 is observed that maybe assigned to N-H bond [30], which increases with temperature 

and time increasing. So it concludes that PVP decomposes with reaction temperature and 

time increasing, and contributes to high dispersion as an ionic dispersant. 

3.3.4. Effect of PVP concentration on particle BT growth and dispersion 

The high dispersion of HBT-PVP is maintained via electrostatic repulsion, although 

PVP decomposes in hydrothermal process as the above section described. So the effect 

of PVP concentration is also important fact for HBT-PVP.   
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(a) 

 
(b) 

Fig. 3.3-10 Effect of PVP concentration on HBT-PVP (a) particle size measured by 

SEM and tetragonality (b) particle size measured by DLS. 

 

Fig.3.3-10 (a) shows the effect of PVP concentration on the particle size measured by 

SEM and tetragonality. The particle size and tetragonality of HBT-PVP decreases with 

PVP concentration increasing and leads to lower tetragonality of HBT-PVP. And it 

indicates that PVP inhabits HBT-PVP particle growth, and results the tetragonality 

reduction. Fig.3.3-10 (b) shows the effect of PVP concentration on dispersion evaluated 

by particle size measured by DLS. The high dispersion of HBT-PVP is maintained as the 

PVP concentration is around 5-250 g/L. It indicates that small quantity of PVP can be 

maintain the high dispersion of HBT-PVP. The amount of PVP increases, the error bar of 

particle size measured by DLS is increasing. It means that the dispersion slightly becomes 
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worse, because the particle size of HBT-PVP powder decreases with PVP concentration 

increasing. 

 

3.4 Conclusion  

Highly disperse tetragonal BT nanoparticles can be prepared in one step by 

hydrothermal synthesis method via the PVP-assisted. In particular, almost mono-disperse 

HBT–PVP nanoparticles with size of 108 nm and tetragonality factor (c/a) of 1.0072 were 

easily synthesize via controlling temperature, time and different Ti source. The reaction 

temperature and time do not significantly affect the growth of HBT–PVP particles, but 

also affect the dispersant chemical structure. The high dispersion of HBT‒PVP is 

maintained although PVP decompose with reaction temperature and time. The dispersion 

mechanisms of BT‒PVP varied with the synthetic method. The dispersion of LBT‒PVP 

prepared in low temperature directly synthesis is via steric effect of PVP, and the 

dispersion of HBT‒PVP prepared by hydrothermal method is via electrostatic repulsion 

of decomposed PVP. In addition, the produced HBT–PVP nanoparticles prepared by 

hydrothermal method exhibited a core-shell structure, as indicated by the results of TEM 

studies. And at the same time the HBT-PVP prepared by TiO2 can be obtain higher 

tetragonality particle than by TiCl4 for the different particle growth mechanism.  
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4.  Thin Film prepared by BT-PVP 

 

4.1 Introduction 

BT is not only used as ferroelectric and piezoelectric material, but also expected in 

erasable image devices and optical application for its high refractive index [1. 2]. In recent 

years with miniaturization of devices and thin film, the demand for nano sized BT has 

increased. In order to meet the need of market, many approaches of thin film prepared 

have been greatly developed. Typical methods are mainly chemical solution deposition 

by the sol-gel process [3] or physical depositions by sputtering [4], pulsed laser ablation 

[5], and chemical vapor deposition [6]. The sol-gel process is the most popular for it can 

be easy to obtain large-area thin films with good homogeneity and smooth surface at low 

temperatures. To obtain the high quality film, the sol-gel solution is coated on substrate 

by dip coating [7, 8] or spin coating [9, 10], then it is treated by high-temperature to 

obtain BT crystal. 

The aggregation of nanoparticles is a serious problem with the particle size decreasing. 

It will be cause defect in the thin film, and reduce the performance of device. In order to 

solve this problem, two types high dispersion nanoparticle BT-PVP were prepared by low 

temperature synthesis (LTS) and hydrothermal method (HT) with polyvinylpyrrolidone 
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(PVP) assisted as the chapter.2 and chapter.3 described.     

In this charper BT-PVP thin film were prepared with these high dispersion 

nanoparticles suspension by bar coating easily and quickly [11] without further high 

temperature treatment. And the commercial BT film was also prepared as a comparison. 

The morphology, thickness, roughness of these thin films were evaluated to understand 

the dispersant PVP contribute to dense smooth the thin film prepared. 

 

4.2 Experiment 

The BaTiO3 powder is referred to LBT-PVP and HBT-PVP prepared by LTS and HT 

respectively. The LBT-PVP nanoparticle were prepared by LTS as the charper.2 described. 

The HBT-PVP nanoparticle were prepared by HT as charper.3 described. And the 

nanoparticle BaTiO3 powder was purchased from Sigma-Aldrich, USA.  

The suspension of LBT-PVP, HBT-PVP and BT in EtOH solution with different 

concentration around 1-10 wt% were used as coating agent. The thin film were deposited 

by bar coating in manual on polyethylene terephthalate (PET; Toray, Tokyo, Japan) and 

Si substrates using a bar coater (Matsuo Sangyo Co. LTD., Japan) with a coating speed 

of about 1.3 m/min. The standard bar RSD20 which its diameter is 6 mm and diameter of 

winding is 0.5 mm was used to control the thickness of the films. After coating the film 
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were dry around 80 ºC for 5min.     

The particle properties of BT-PVP were evaluated by XRD, DLS, SEM and FT-IR as 

Chapter. 2 and Chapter. 3 described. The surface roughness of the film was measured 

using a surface profilometer (P-17 stylus profiler, KLA-Tencor Co., USA), which 

includes the evaluation of film thickness. Transmittance of light by BT-PVP film on PET 

were characterized using JASCO V-670 ultraviolet–visible (UV–Vis.) spectrophotometer. 

 

4.3 Results and discussion 

4.3.1 Difference BT-PVPs synthesis 

    

Fig. 4.3-1 XRD pattern of BT, LBT-PVP and HBT-PVP (a) and magnification from 44 

to 46º (b). 
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In this section the BT, LBT-PVP and HBT-PVP were used. Fig.4.3-1 shows their XRD 

patterns. The crystal phase of BT and LBT-PVP is cubic and LHT-PVP is tetragonal for 

their XRD patterns is good agreement to the PDF card NO: 01-079-2263 and 01-079-

2264 respectively. The characteristic of tetragonal BT is the splitting of (200) plan. 

Although splitting (200) plan of LHT-PVP is not observed, but it is broader than BT and 

LBT-PVP. The tetragonality of BT, LBT-PVP and HBT-PVP is 1.0008, 1.0005 and 1.0058 

respectively, which calculated by Guassian fitting the (200) plan. In the other words the 

crystal phase can be controlled in synthesis stage.  

 

Fig. 4.3-2 FT-IR spectra of BT, LBT-PVP, HBT-PVP and PVP 

 

The surface morphology of BT-PVP particle was evaluated by FT-IR as Fig.4.3-2 

showing. The peak of 1640 cm-1 is attributed to symmetric C=O stretching and 1280cm-1 
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corresponds to ring (CH2) wag +(CN) stretching of PVP rings [12]. The peak of 1640 cm-

1 and 1280 cm-1 can be observed for the LBT-PVP, but the peak of 1280 cm-1 could not 

be observed for HBT-PVP. It indicates that PVP does not decompose in LTS but 

decompose in HT. In the other words, the surface morphology of LBT-PVP and HBT-

PVP are difference. As the Chapter.2.3 describe, the high dispersion of LBT-PVP and 

HBT-PVP via the steric effect of PVP and electric repulse of decomposed PVP in the 

aqueous solution.  

  

Fig. 4.3-3 SEM images of BT, LBT-PVP and HBT-PVP particle (top), DLS pattern of 5 

wt% BT, LBT-PVP and HBT-PVP in EtOH (bottom). 

 

Fig. 4.3-3 is the SEM images of BT, LBT-PVP and HBT-PVP particle. The particle size 

is 80, 128, 106 nm respectively. These powder were dispersed into EtOH. The particle 
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size in EtOH is 141, 164 and 131nm measured by DLS. The particle size is very close 

measured by SEM and DLS respectively. These demonstrate that BT, LBT-PVP and HBT-

PVP are monodispersion in EtOH suspension as Fig.4.3-3 (bottom) showing. The 

comercial BT has a high dispersion in EtOH as BT-PVP because EtOH (25.3) have a 

small relative permittivity, and lead to a high zeta potential in EtOH solution according 

to Helmholtz-Smoluchowski formula. The properties of these particles were summarized 

in Table 4.3-1. 

Table. 4.3-1 Properties of BT, LBT-PVP and HBT-PVP.   

 

4.3.2 Preparation of thin film 

  

Fig. 4.3-4 SEM mages of thin film prepared by 1 wt% of BT, LBT-PVP and HBT-PVP 
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in EtOH. The substrate is PET film. The upward is reduced, and the downward is enlarged 

images. 

 

The particles of BT. LBT-PVP, HBT-PVP have a characteristic of monodispersion in 

EtOH solution. These particles were dispersed into EtOH solution which used as coating 

agent with different particle content. The film were coated on PET and Si substrate by 

simple bar coating in manual. The coating speed is about 1.3 m/min. Fig. 4.3-4 shows the 

SEM images of thin film coated on PET prepared by 1 wt% content of particle in coating 

agent. It could be seen that the packing density of the film prepare by 1wt% coting agent 

is very low, but it can be seen that the BT film has much large aggregate, but the particles  

disperse relatively evenly on the PET film for LBT-PVP and HBT-PVP. It may be due to 

dispersant that coated on the surface BT, which prevents aggregate from BT nanoparticles 

as EtOH solution evaporate during film drying. The particle density of HBT-PVP film is 

relatively higher than LBT-PVP film could also be observed in Fig. 4.3-4 (down), in the 

other wards the coverage of HBT-PVP particle on PET substrate is higher than LB-PVP. 

It maybe relate to the dispersion mechanism difference of decomposed PVP and PVP that 

coating on the BT surface. The electrostatic repulse is more effective than steric effect to 

reach equilibrium with capillary force and van der walls force inter-particle assembly in 



84 

 

short-range of particles as the EtOH is dried.  

      

Fig. 4.3-5 SEM mages of thin film prepared by 5 and 10 wt% of BT, LBT-PVP and HBT-

PVP in EtOH. The substrate is PET film. 

 

Fig. 4.3-5 shows the morphology of thin film prepared by 5, and 10 wt% BT, LBT-PVP 

and HBT-PVP with difference content. It can be seen that the thin film become dense and 

smooth with powder content increasing. Although As the particle content increases to 5 

wt%, the films become dense but many large holes can be observed for BT film, on the 

contrary the films of LBT-PVP and HBT-PVP are very smooth and dense. And then the 

particle content increases to 10 wt%, the HBT-PVP film becomes denser and smoother, 

but several aggregates could be observed on LBT-PVP film. It also demonstrates the 

importance and difference of PVP and decomposed PVP adsorbed on the surface of 
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nanoparticle.  

      

Fig. 4.3-6 SEM images of thin films prepared by 5 wt% BT, LBT-PVP and HBT-PVP in 

EtOH solution on PET (a) and Si substrate (b). Upside cross section is on PET, downside 

cross section is on Si substrate. 

The thickness is around 250-300 nm from the cross section (Fig. 4.3-6(up)). The BT 

film is very rough. The interface of PET and film is distorting for the PET is very flexible.  

The particles aggregate and much defect can be observed in BT film (Fig. 4.3-6(middle)), 

on the contrary, the particle is neatly and densely arranged for in BT-PVP films. It is well 

known that the BT thin film coated on Si wafer is expected to use for microelectronic 

device. In addition, in order to accurately the film properties such as thickness, roughness, 

The films were also prepared on Si substrate as the same condition on PET which the 

inter face is straight as Fig. 4.3-6(b) showing. The thickness of BT, LBT-PVP, HBT-PVP 
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film are 209, 292, and 293 nm, respectively.  

 

Fig. 4.3-7 Surface profiles of thin films coated on Si substrates measured by stylus 

profiler. (a)BT (b) LBT-PVP (c) HBT-PVP. 

 

Furthermore the thickness and roughness were measured by a surface profiler. Fig. 

4.3-7 shows the surface profiles of thin films coated on Si substrates measured by stylus 

profiler. . The film thickness is 226, 308 and 283 nm for BT LBT-PVP and HBT-PVP 

respectively, which is close to that measured by SEM images. And the roughness is 104.6, 

91.6, and 56.1 nm. It is agree to the SEM observation that the surface of BT-PVP films 

are smoother than BT film. Table.4.3-2 summarized these results in detail.  
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Table.4.3-2 results of film thickness and roughness coated on PET and Si substrate 

 

It can be also known that the HBT-PVP film is smoother than LBT-PVP film for the 

roughness is 56.1, and 91.6 nm for HBT-PVP, and LBT-PVP film, respectively. It is 

thought that the decomposed PVP adsorbed on the BT surface is more effective to inhabit 

the nanoparticle aggregate than PVP adsorbed on BT during EtOH evaporation. In the 

other words that the electronic repulse of decomposed PVP is more effective to prevent 

the nanoparticle aggregate than steric effect of PVP in the film drying process. 

At the same time it also can be seen that the face-to-face particle ordering in HBT-

PVP film as Fig. 4.3-5a shown. This array formed in drying process of film reduces the 

film roughness. Although nanocube BT assembly thin film which is smooth ,dense and  

less than 1µm can be prepared by sol-gel method [8, 9], but it requires a long time, and 

the film is limited to cubic BT. In order to improve the film performance, it has been to 

heat above 1100°C [10]. In our study the self-assembling process can be simply form in 

the EtOH evaporation and BT crystalline phase can be controlled in synthesis stage.   

The BT-PVP film is very smooth due to the PVP dispersant coated on the BT surface, 
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with PVP or decomposed PVP, which prevents particle aggregation, and uniform 

evaporation of EtOH. So it is very important for the formation of a smooth film. The BT-

PVP film on a PET substrate demonstrated in this report has the significant advantage of 

room-temperature coating without thermal treatment. Although several micron 

thicknesses BT film could be formed by screen print with BT paste, but the film is very 

coarse and has many defects [13].  

   

4.4 Conclusion 

High dispersion BT nanoparticle were synthesized by low temperature directly synthesis 

and hydrothermal method with PVP assistance at 80ºC and 230ºC, respectively. LBT-PVP 

and HBT-PVP were applied to prepare BT thin film by bar coating with their EtOH 

suspension in different concentration on PET and Si substrate. And commercial BT film 

was also prepared as comparison. Bar coating is very simple and quick to form thin film. 

The film thickness can be controlled by choosing a wire diameter and concentration of 

coating agent.     

The thickness of BT, LBT-PVP, and HBT-PVP film coated on Si substrate are 226, 308, 

and 283 nm, and their surface roughness were104.6, 91.6, and 56.1 nm respectively. PVP 

plays an important role in forming smooth and dense BT thin film, which can be prevent 
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nanoparticle aggregate in EtOH evaporation.  
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5. Summary 

 

 In this study, the high dispersion nanoparticle of BT-PVP was synthesized by low 

temperature synthesis, and hydrothermal method. The reaction factors such as reaction 

temperature, reaction time, PVP concentration, molecular weight of PVP were 

investigated. The high dispersion of BT-PVP nanoparticle can be synthesized by systemic 

controlling this factor. The difference of BT-PVPs prepared by these two methods was 

compared in particle growth and dispersion mechanism.    

 In chapter 2, the LBT-PVP was synthesized in low temperature under atmospheric 

pressure. The reaction factors of reaction temperature, time, concentration of raw material, 

KOH, and PVP, and PVP molecular weight were investigated. The particle growth of 

LBT-PVP was evaluated by XRD and TEM. The particle is a polycrystal consisted several 

different orientation cubic crystals. The concentration of KOH does not only affect the 

particle growth, but also affect the dispersion of BT-PVP. The PVP is adsorbed on the 

both the inside and the surface of the particles. The amount of PVP adsorbed on the 

surface was related to the dispersity of LBT‒PVP. The high dispersion was realized by 

PVP steric effect. There is optimum synthesis condition area for high dispersion by 

systemic controlling these factors as the Fig. 2.5-1 showing. The almost mono-dispersion 
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LBT-PVP about 114 nm could be prepared by in condition of Ti/Ba = 0.2 M: 0.3 M, 

[KOH] = 1.4 M, [PVP] =100 g/L at 80 ºC.   

 In chapter 3, the HBT-PVP was prepared by hydrothermal. The reaction factor of 

reaction temperature and time were investigated with TiCl4 as Ti source. The particles 

morphology changes from spherical, torus-like shape, round corner cube to sharp cube , 

and the crystal phase of HBT-PVP is from cubic to tetragonal with temperature and time 

increasing. Although PVP decomposed in this high temperature and high pressure, but 

the high dispersion could be maintained by the electrostatic repulsion. It is different from 

the dispersion mechanism of PVP in low temperature atmosphere which is via steric effect. 

Mono-dispersion HBT-PVP obtained from 190 ºC for 24h. A the same time, in order to 

obtain high tetragonality HBT-PVP, TiO2 was also use as Ti source for its different 

reaction mechanism to TiCl4. The results demonstrate that higher HBT-PVP could be 

obtained by TiO2 than by TiCl4. Furthermore the effect of PVP concentration on HBT-

PVP particle growth and dispersion was also investigated. The PVP is not effect 

dispersion of HBT-PVP but also effect the particle growth.      

  Each of these two methods has advantages and it can be used in conjunction with the 

purpose. Large amount of highly dispersive cubic BT-PVP could be obtained by the low 

temperature synthesis atmospheric method. Highly dispersive tetragonal BT-PVP could 
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be obtained by hydrothermal method.  

In chapter 4, the particles LBT-PVP and HBT-PVP which prepared by LTD and HT 

respectively were used to prepared thin film on PET and Si substrate by bar coating. The 

BT-PVP film is very smoother and denser than BT film that without PVP coating. The 

role of PVP that coated on BT is that prevents the nanoparticle aggregate, and evenly 

evaporation of EtOH during thin film drying. The thin film can be simply prepared by bar 

coating, and unnecessary further high temperature treatment. The phase of BT can be 

controlled during synthesis.      
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