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The one-step synthesis of barium titanate (BaTiO3) nanoparticles was studied by employing a low-pressure spray pyrolysis (LPSP) method. The effects of temperature, pressure, and the addition of urea to the precursor were investigated experimentally. The results were compared with the experimental data of the conventional (atmospheric) spray pyrolysis method. It was shown that the BaTiO3 nanoparticles could be synthesized by the low-pressure method, while only spherical hollow particles with smooth surfaces could be produced by the conventional spray method. The addition of urea greatly improved the crystal growth and particle breakup due to extra heat supplied during the combustion reaction coupled with the evolution of gases. The dispersity of nanoparticles increased with the quantity of urea and with a decrease in pressure. The possible mechanism of the formation of BaTiO3 nanoparticles in the LPSP process was also proposed.



I. INTRODUCTION



Since barium titanate (BaTiO3) possesses excellent dielectric,1 ferroelectric,2 and piezoelectric properties,3 it is considered the most important perovskite-type ceramic material. It is widely used for multilayer ceramic capacitors (MLCCs),4 PTC thermistors,5 and a variety of electro-optic devices.6 For achieving good dielectric properties, a material should have a fine particle size, narrow size distribution, non-aggregation, spherical morphology, and uniform composition.7 Moreover, electronic devices such as the MLCCs have been miniaturized recently. High-dielectric constant BaTiO3-based materials with ultrafine grains are essentially required for achieving a thinner dielectric layer. In the past, extensive research has been conducted for synthesizing BaTiO3 particles by employing various methods, such as the solid reaction method,8 spray pyrolysis,9–13 hydrothermal method,14–17 sol-gel method,18 and others.19 BaTiO3 powders have conventionally been prepared by the solid reaction method, which involves
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the calcination of BaCO3 and TiO2 at high temperatures for enhancing the diffusivity between solid raw precursors. However, only large powders (submicron and micron) with polydispersity and inhomogeneity could be achieved, and some impurities were introduced in the subsequent milling process. Hydrothermal reaction and the sol-gel method are currently the most popular methods for synthesizing BaTiO3 nanoparticles with a good crystallite structure and a pure phase at low temperatures.14–17 However, a serious problem in these wet chemical methods is that the resulting particles may contain hydroxyl groups in the crystal lattice due to the alkali environment, which might damage the dielectric properties.20 Moreover, some other problems such as particle size increase and aggregation may be encountered while drying these wet nanoparticles. Another potential limitation for the industrial application of these methods is that a large amount of time is required for the reactions and post treatments. Spray pyrolysis is a versatile method for the continuous synthesis of metals, metal oxides, and multicomponent particles. It has attracted considerable attention over a long period of time.21–23 Among several studies employing the conventional (atmospheric) spray pyrolysis (CSP) method, Miloševic´ et al.11 reported the production © 2005 Materials Research Society
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of spherical BaTiO3 powders at 700 and 900 °C by the spray pyrolysis of ethanol/water solutions of BaCl2 and TiCl4 that were suspended using two-fluid and ultrasonic atomizers, respectively. Ogihara et al.13 successfully synthesized chemically homogeneous, fine and spherical particles of BaTiO3 using a nitric acid solution of Ba(CH3CO2)2 and Ti(OC3H7)4. Nonaka et al.9 reported that by replacing a part of the precursor solution of titanium tetraisopropoxide (TTIP) and Ba(NO3)2 or Sr(NO3)2 in dilute nitric acid with alcohols and hydrogen peroxide, the chemical homogeneity of the products can be improved with a reduction in the volume of by-products. However, nano-sized BaTiO3 particles could not be obtained by employing the CSP method due to the limitation of the generation of smaller (below one micrometer) droplets based on the typical one-solution-dropletto-one-product-particle principle. Therefore, several other modified spray methods such as salt-assisted spray pyrolysis (SASP)24 and combustion spray pyrolysis25 were tested to obtain the BaTiO3 nanoparticles. Furthermore, it is still difficult to maintain precise control over stoichiometry and chemical homogeneity because of the well-known problems concerning the differences in the precipitation rates of the precursor salts, such as Ba salts and Ti salts, in the droplets.11 Hollow spherical shells and shell fragments with composition segregation are frequently observed in the spray-pyrolysed BaTiO3 particles. In the present study, a low-pressure spray pyrolysis (LPSP) method was developed26 as a one-step synthesis technique for synthesising BaTiO3 nanoparticles. Recently, we successfully performed the direct synthesis of a metal and metal oxide by employing this method.27–29 The possible mechanism of nanoparticle formation in this LPSP process was proposed. It was considered to be rather different from that in the CSP method and showed a promising perspective for nanoparticle formation. The temperature, pressure, and particularly the effects of the addition of solid fuel (urea, in the present study) on the formation of BaTiO3 nanoparticles will be investigated systematically in comparison with those in the CSP method. The possible mechanism will be demonstrated based on the experimental results. II. EXPERIMENTAL A. Equipment and procedures



The schematic diagrams of the LPSP and CSP methods are shown in Fig. 1. The low-pressure system consists of an atomizer system for generating the droplets, a quartz tubular reactor (inner diameter ⳱ 35 mm, length ⳱ 800 mm) with four independent external heating zones for heat flexibility, an electrostatic precipitator and a vacuum controller. The precursor solution is first atomized using a two-fluid nozzle (Ohkawara Kakohki 2874



FIG. 1. Schematic diagram of LPSP and CSP process.



Co. Ltd., Yokohama, Japan), and large droplets (of the order of a few hundred microns) of this solution are then poured onto the glass filter surface, which has a nominal pore size of 5.5 m (Shibata Scientific Technology Ltd., Tokyo, Japan). After the saturation of the glass filter pores with the precursor, the excess solution is passed through the glass filter due to a pressure difference and in the presence of the applied carrier gas. Meanwhile, toward the bottom of the glass filter, droplets (of the order of microns) are formed in the low-pressure chamber that are subsequently delivered to the reactor and dried by the heat from the furnace. As the aerosol stream passes through the reactor, the solvent evaporates with the formation of the product particles. The dry aerosol particles are collected in the electrostatic precipitator that is maintained at approximately 150 °C to avoid water condensation. The residence time of the droplets or particles in the furnace can be controlled by determining the pressure difference in the filter, the flow rate of the applied carrier gas, and the temperature profile. The reactor tube used in the CSP method was also used for the LPSP method for comparison. An in-house ultrasonic nebulizer was operated at 1.7 MHz as the atomizer. The size of the droplets produced in this experiment was in the range from 1 to 10 m30 depending on the properties (e.g. density, surface tension) of the precursor and the flow rate of the applied carrier gas. Due to the limitation of the direct measurement of droplet size in a low-pressure environment, the size of the droplets formed in the low-pressure chamber was estimated indirectly to be approximately 2 m by measuring the size distributions of the final particles.26 The estimated size was also confirmed by using nano-sized silica colloids as precusors.31 The droplets/mist could be clearly observed during the experiment, which also indicated that the droplet size was in the range of several microns. The mechanism of droplet formation observed
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in this low-pressure system by using the glass filter as the droplet generator is considered to be similar to that observed by using a virtual ‘multi’ two-fluid nozzle,31 although further investigation is required in this regard. It is evident that the nanoparticle formation in this LPSP system did not obey the conversion of one droplet-to-one particle. The possible mechanism of particle formation was suggested in our previous research.27,28,31 It is considered that a micron-sized droplet will first undergo rapid solvent evaporation upon entering the low pressure environment. Nucleation and crystallization will be accelerated due to this high evaporation rate. Droplets may break up depending on properties of the precursor itself and additives as well. Furthermore, because of the rapid drying rate at high temperatures, final particles could be fragmented into multiple nanoparticles, which really were single primary crystals. Low pressure is considered a driving force for the formation of nanoparticles. Submicron, and even micron, particles may be formed, due to slow drying rate (i.e., a higher pressure and a lower temperature) and physical properties of the precursor, which indicated that the mechanism of particle formation in the LPSP process is obviously complex including not only process parameters but also the physical properties of the precursor. In this study, air was used as the carrier gas, and the total carrier gas flow rate (Qc) to the glass filter was maintained at 2 l/min under 0.1 MPa at room temperature, unless otherwise stated. The furnace temperature was maintained isothermally at 700, 900, and 1100 °C using K-type thermocouples for the operating pressures of 20, 40, and 80 Torr maintained using an adaptive pressure controller (ACX2200, Nihon Mykrolis, Tokyo, Japan), respectively. B. Precursors and additives



Barium acetate (purity of 99%) and titanium tetraisopropoxide (TTIP, purity 97%) supplied by Kanto Chemicals (Tokyo, Japan) were used without further purification as sources of barium and titanium, respectively. Dilute nitric acid (0.5 N) was used as the solvent for the preparation of barium and titanium solutions. A single precursor solution of barium was prepared by adding barium acetate to dilute nitric acid after slow stirring. TTIP was added to dilute nitric acid and the resulting solution was stirred vigorously. After 30 min, the prepared titanium solution became clear without any visible precipitate. A stoichiometric ratio of barium acetate (molar ratio of Ba/Ti ⳱ 1.0) was then added to this solution to obtain the desired solution of barium and titanium. Such fresh transparent solutions were prepared daily. Different mass fractions of urea (NH2CONH2), purchased from Kanto Chemicals, were used in some cases.



C. Characterizations and measurements



The morphology and size of the synthesized particles was examined by field emission scanning electron microscopy (FE-SEM; S-5000, Hitachi Ltd., Tokyo, Japan). The crystalline phases were characterised using an x-ray diffractometer (XRD, Rint 2200 V, Rigaku, Tokyo, Japan) for Cu K radiation (wavelength ⳱ 15.4 nm) operated at 40 kV and 30 mA. Thermal analysis was conducted by employing thermal gravimetric analysis (TG) and differential thermal analysis (DTA; TG-DTA 6200, Seiko Instruments Inc., Tokyo, Japan). During the TG-DTA measurement, approximately 14 mg of the sample was placed in a platinum crucible at a temperature range of 30–1030 °C with a heating rate of 10 °C/min under flowing air (200 ml/min).



III. RESULTS AND DISCUSSION A. Thermal analysis



The thermal analysis of the precursors was conducted prior to the spray experiments to obtain information on the thermal properties for further investigation. The TG curves of barium acetate, TTIP and the solution of TTIP and barium acetate are shown in Fig. 2. Barium acetate decomposed into barium carbonate at approximately 500 °C as indicated by the weight loss at this temperature, which is nearly equal to the ideal value, i.e., −23%. TiO2 was formed at a temperature of approximately 250 °C at which a significant weight loss of –72% was observed in the corresponding TG curve [Fig. 2(a)]. Due to the evaporation of the solvent, there was remarkable weight loss at approximately 100 °C in the solution of barium and titanium. Gradual weight loss continued with an increase in temperature. At approximately 600 °C, a slightly higher weight loss was observed in the TG curve [Figs. 2(a) and 2(b)]. This may be due to the formation of BaTiO3, which is similar to the observation reported previously.13 Thus, a temperature higher than 600 °C can be used for the formation of BaTiO3 in further experiments. B. Testing of the single precursor



The single precursors of barium and titanium were investigated. Interesting phenomena were observed in their FE-SEM images (Fig. 3). Needlelike BaCO3 particles were obtained from a 0.1 M dilute nitric acid solution of barium acetate at a temperature of 1100 °C and 20 Torr [Fig. 3(a)]. The possible formation mechanism of these needle-like particles is similar to that suggested in our previous research,27,28 where, although, only spherical particles were formed. The detailed investigation will be presented in another paper. Needlelike barium carbonate particles were also synthesized by a
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FIG. 2. Thermal analysis of barium source, titanium source and their mixed solution with the temperature increasing rate of 10 °C/min under flowing air 200 ml/min.



liquid precipitation method in a semi-batch crystallizer, as reported by Chen et al.32 However, submicron spherical titania particles were obtained from a 0.1 M TTIP nitric acid solution at the same temperature and pressure [Fig. 3(b)]. The different particle morphologies discussed above indicate the different physical properties of the two precursors. For example, the solubility of barium acetate at 0 °C is approximately 2.3 M in water.33 The results of the barium source were in good agreement with those of our previous report,27 which indicated that nanoparticles can be synthesized easily from precursors of high solubility by employing the LPSP method. It is a well-known fact that TTIP is extremely sensitive to moisture and water. In fact, the resulting dilute nitric acid solution of TTIP is a transparent sol.34 The different behaviors of these two precursors hinder the preparation of BaTiO3 particles in spray pyrolysis, as investigated earlier.11 It is also a challenge to use this mixed solution in the LPSP process since its evaporation rate is very high and its residence time is very short (less than 1 s), which will make a contradiction between the phase evolution and the nanoparticle formation. 2876



FIG. 3. FE-SEM images of BaCO3 (a) and TiO2 (b) particles prepared at 1100 °C, 40 Torr from 0.1 M single precursors: barium acetate and TTIP nitric solutions, respectively.



C. Spray pyrolysis without additives



The spray pyrolysis of the 0.1 M nitric solution of barium and titanium was carried out at 40 Torr and high temperature (1100 °C) based on the information suggested by the TG results as well. Cubic BaTiO3 peaks were detected in the XRD patterns, as shown in Fig. 4(a), without any traces of other intermediates. Particles of irregular shapes were obtained as shown in the corresponding FE-SEM image in Fig. 4(a). Single crystals having a nominal size of approximately 20 nm in some of the particles were achieved, as shown in the inset of Fig. 4(a). However, these crystals were connected to each other to form hard aggregates. A lower pressure of 20 Torr was applied. Pure BaTiO3 peaks with a slightly lower intensity were observed in Fig. 4(b) due to the shorter residence time (0.14 s) as
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a suspension of Ti-hydrolysate precipitate particles. Thus the process they used was called spray calcination rather than spray pyrolysis (with solution precursors). Further, in these studies, only a mixture of irregular submicron and nanoparticles could be observed. Dispersed nanoparticles were still difficult to obtain, possibly due to the precursor type and the slow drying rate in atmospheric environment. Urea will be used as the additive in the LPSP process to break the hard aggregates to obtain nanocrystals in a single step. 1. Temperature effect FIG. 4. FE-SEM images and XRD patterns of BaTiO3 particles by spray pyrolysis of 0.1 M barium acetate and TTIP mixed solution at 1100 °C and (a) 40 Torr and (b) 20 Torr.



compared with that for 40 Torr (0.28 s). The single crystals shown in the inset [Fig. 4(b)] are slightly smaller with a nominal size of approximately 18 nm measured from its SEM image. These crystal sizes (sputter particles) are in good agreement with those calculated from the XRD patterns by using Scherrer’s equation (18 nm and 16 nm for 40 Torr and 20 Torr, respectively). In this case [Fig. 4(b)], there was no significant change in the particle morphology as compared with the morphology in Fig. 4(a). Thus, we observe that a rapid synthesis (residence time below 0.2 s) of chemically homogenous BaTiO3 particles is feasible by employing the LPSP method. However, it is difficult to obtain dispersed BaTiO3 nanoparticles from this solution, although some nano-sized single crystals could be observed. The hard network of these aggregates should be destroyed. A mechanical method such as milling, which has been applied to several processes such as the solid reaction process, can be used for this purpose. However, certain impurities may be introduced, and defects may occur in the crystal lattices during this process, as described above. In this study, an alternative chemical process, i.e., the addition of urea, is introduced for the production of BaTiO3 nanoparticles in a single step without introducing any impurities and crystal lattice defects. A detailed investigation and discussion in this regard is provided in the following section.



First, the temperature effect was investigated in experiments with the addition of urea (10 g/100 ml) by maintaining a constant pressure of 40 Torr for all the cases. As shown in Fig. 5(c), only weak BaTiO3 peaks were observed at 700 °C in the XRD pattern. However, strong peaks of barium, titanium, and their oxides and nitrates were observed, which indicates an incomplete reaction due to the lower temperature. Pure BaTiO3 peaks with a cubic phase were observed at 900 °C, while stronger peaks were observed at 1100 °C, as shown in Fig. 5(a). This clearly implies that the pyrolysis reaction is greatly improved by an increase in temperature. The different morphologies of the BaTiO3 particles obtained at different temperatures are shown in Fig. 6. Large spherical particles with relatively smoother surfaces could be obtained at 700 °C [Fig. 6(c)]. However, no obvious single crystal could be obtained under this condition. The crystals with a Scherrer size of about 23.3 nm, can be observed clearly, and the particles tend to break up into dispersed nanoparticle clusters at the temperature of 900 °C [Fig. 6(b)]. At 1100 °C, hollow particles comprising single crystals of approximately 30 nm (measured from its SEM image) could be observed, although these single crystals were still in the soft



D. Spray pyrolysis with additives



The application of organic additives, such as polyvinyl alcohol (PVA), polyethylene glycol (PEG), and urea, used for solid fuels to spray pyrolysis was previously investigated.35,36 Urea addition is a possible alternative for improving the dispersity of the synthesised particles, as investigated previously by Gurav et al.35 They claimed that urea could be used as a solid fuel in spray process. Similar results were obtained by other groups.36 However, it should be noted that the precursor they used was



FIG. 5. XRD patterns of BaTiO3 particles by spray pyrolysis of 0.1 M barium acetate and TTIP mixed solution with urea addition of 10 g/ 100 ml, at 40 Torr and different temperatures (a) 1100 °C, (b) 900 °C, and (c) 700 °C.
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agglomerate state. The morphology difference observed in the above SEM images confirmed that a high temperature is advantageous for the formation of larger crystals and the subsequent dispersed nanoparticle clusters. The same results have been obtained in the case of NiO particle preparation in our previous research.27 It was found that at low temperature (400 °C) and slow drying rate, only submicron spherical particles could be achieved, which obeyed one-droplet-to-one-particle principle. A mixture of nanoparticles and submicron particles was found in the case of 700 °C. Mainly nanoparticles were observed at 900 °C, which obviously did not obey the above droplet-particle conversion principle, implying that a high temperature and a high drying rate are of benefit to the formation of nanoparticles. Therefore, 1100 °C will be used as the reaction temperature in all subsequent experiments. 2. Effect of the quantity of urea



FIG. 6. FE-SEM images of BaTiO3 particles by spray pyrolysis of 0.1 M barium acetate and TTIP mixed solution with urea addition of 10 g/100 mL, at 40 Torr and different temperatures: (a) 1100 °C, (b) 900 °C, and (c) 700 °C. 2878



The effect of urea addition with different mass percentages was examined. As shown in Fig. 4(a) (FE-SEM images), irregular submicron particles were obtained in the absence of urea at 40 Torr. Spherical particles were achieved by adding 5 g/100 ml urea [Fig. 7(a)], in which no individual crystal could be observed. Hollow particles with larger crystals (Scherrer size of approximately 30 nm) were obtained by adding 10 g/100 ml urea [Figs. 6(a) and 7(b)], as discussed above. Dispersed nanocrystals with a nominal size of approximately 35 nm (Feret diameter measured from its SEM images) were mainly observed by adding 20 g/100 ml urea under the same experimental conditions. This indicates that the addition of urea facilitates both the crystal growth and the fragmentation of dried particles. BaTiO3 peaks were detected in all the cases, as shown in the corresponding XRD patterns in Fig. 8, which indicates that the addition of urea has no influence on the formation of BaTiO3. TG-DTA analysis of these BaTiO3 particles was also conducted to further identify the purity of the particles. From Fig. 9, slow rather than sharp weight decrease was found in all TG curves. Furthermore, no obvious exothermic peak in the corresponding DTA curves, due to evaporation and combustion of organics, was observed, indicating no trace of organic served as the impurity covered the particle surfaces. The organic species derived from urea are believed to evaporate completely due to the high evaporation rate in this low pressure environment. Besides, the color of these BaTiO3 particles is white, which means there is no trace carbon impurity on the particle surface. Thus we can conclude pure BaTiO3 nanoparticles could be produced by using urea addition in LPSP process. Furthermore, the higher intensity of the BaTiO3 peaks was observed in the cases of urea addition as compared to those without urea addition. The crystal growth was
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FIG. 8. XRD patterns of BaTiO3 particles by spray pyrolysis of 0.1 M barium acetate and TTIP mixed solution at 1100 °C, 40 Torr with different urea addition amounts: (a) 0 g/100 ml, (b) 5 g/100 ml, (c) 10 g/100 ml, and (d) 20 g/100 ml.



FIG. 9. TG-DTA curves of BaTiO3 particles (with urea addition) with the temperature increasing rate of 10 °C/min under flowing air 200 ml/min.



improved due to excess local heat generated by the combustion of urea. For example, the combustion of urea is an exothermic reaction that has the standard combustion enthalpy (⌬Hcomb) of –632 KJ/mol at 298 K.33 Apart from the furnace heat, this high heat of combustion contributes additional energy for crystal growth. Meanwhile, the dispersed nanoparticles were formed due to the combustion of urea coupled with the excess volume of gases during the salt decomposition step.35 The results also clearly indicate that the dispersity of the particles increases with an increase in the quantity of urea. This may be attributed to the fact that more energy and gases were produced by adding larger quantities of urea. The high drying rate is also considered an important factor, as described in the following section in detail. To further investigate the mechanism, the effect of pressure was also examined. FIG. 7. FE-SEM images of BaTiO3 particles by spray pyrolysis of 0.1 M barium acetate and TTIP mixed solution at 1100 °C, 40 Torr with different urea addition amounts: (a) 5 g/100 ml, (b) 10 g/100 ml, and (c) 20 g/100 ml.



3. Effect of pressure



Figure 10 shows the FE-SEM images and XRD patterns of the BaTiO3 particles synthesised from the 0.1 M
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FIG. 10. FE-SEM images and XRD patterns of BaTiO3 particles by spray pyrolysis of 0.1 M barium acetate and TTIP mixed solution at 1100 °C with urea addition of 10 g/100 ml at (a) 80 Torr and (b) 20 Torr.



barium and titanium [Fig. 11(a)]. The crystal size was calculated as 31.1 nm by using Scherrer’s formula from its corresponding XRD pattern, although it is difficult to identify the individual crystals from its FE-SEM image. However, spherical submicron particles were observed by adding 10 g/100 ml urea. In this case, single crystals with an average size of approximately 30 nm could be identified, although they formed hard aggregates. The crystal sizes obtained in the CSP method are a little larger than those in the LPSP method. However, it should be noted that the residence time in the CSP method is calculated to be approximately 5 s, which is, for example, nearly 20 times the value at 40 Torr assuming other conditions are all the same. It is clearly shown that crystal growth can be greatly enhanced in a significantly short period of time in the LPSP method. In the XRD patterns, pure cubic barium titanate peaks were observed in both



solution of barium acetate and TTIP by adding 10 g/ 100 ml urea at 1100 °C and at different pressures. Spherical submicron particles were obtained at 80 Torr [Fig. 10(a)]. Hollow particles with clear single crystals were obtained at 40 Torr [Figs. 6(a) and 7(b)]. At 20 Torr, we obtained dispersed BaTiO3 nanoparticle clusters, as shown in Fig. 10(b). This clearly indicates that lower pressures enhance the formation of nanoparticles, which was also confirmed in our previous studies.28,29 From the viewpoint of drying kinetics, the drying rate is considered to be an important factor for controlling heat and mass transfer during the pyrolysis reaction as well as the generation of nanoparticles in the LPSP method. For example, the drying rate is calculated to be approximately 5 × 103 K/s at 1100 °C, 40 Torr and 2 l/min. This value will increase to 1 × 104 K/s at 20 Torr, assuming that the other conditions remain constant. These high drying rates will lead to the fragmentation of the dried particles due to stresses generated between the solids and the liquids, as indicated by Messing et al.22 The XRD patterns shown in Fig. 10 indicate that pure BaTiO3 peaks were achieved in all the cases. However, the intensity increases with an increase in pressure, and the Scherrer sizes of particles were calculated as 24.5, 30.0, and 32.2 nm at 20, 40, and 80 Torr, respctively. This is primarily due to the residence time. For example, the residence time was calculated to be approximately 0.14, 0.28, and 0.56 s at 20, 40, and 80 Torr, respectively. It is believed that the size of the crystals will increase after a relatively longer period of time (residence time) at higher pressures, assuming that the other conditions remain constant. E. Comparison with the CSP method



BaTiO3 particles were also synthesized by employing the CSP method for comparison. Irregular submicron particles with relatively smoother surfaces were obtained at 1100 °C without adding urea to the 0.1 M solution of 2880



FIG. 11. FE-SEM images and XRD patterns of BaTiO3 particles by CSP of 0.1 M barium acetate and TTIP mixed solution at 1100 °C (a) without urea addition and (b) with 10 g/100 ml urea addition.
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the cases (Fig. 11). However, a stronger intensity was observed due to the addition of urea, which confirms that urea addition greatly improves crystal growth in both the LPSP and CSP methods. Based on the results, we can conclude that the LPSP method has two key distinguishing factors: high evaporation rate and rapid drying rate. In the LPSP method, nucleation and crystal growth are improved due to the high evaporation rate. The rapid drying rate causes the dried particles to break up into dispersed single crystals/ clusters. The addition of urea facilitates both the crystal growth and the formation of nanoparticles, as discussed earlier. IV. CONCLUSIONS



This study investigated the rapid synthesis of nanosized barium titanate particles by employing an LPSP method. The effects of temperature, pressure, and the addition of urea were investigated experimentally and discussed in detail. Furthermore, the results obtained were compared with those of the CSP method. The results showed that nanocrystals could be obtained at high temperatures by employing the LPSP method, while only spherical hollow particles with smooth surfaces could be achieved by the CSP process. The addition of urea greatly improves the crystal growth and particle break-up due to the generation of extra heat during the combustion reaction coupled with the evolution of gases. The possible mechanism of the formation of BaTiO3 particles in both the CSP and LPSP processes was proposed based on the results and discussion. The results also demonstrated the potential of the LPSP method for the rapid synthesis of multicomponent nanoparticles in a single reaction step. Due to its several advantages, the LPSP method can be used in industrial applications. ACKNOWLEDGMENTS
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