
Mechanochemically assisted synthesis of
La_0.7Sr_0.3MnO_3 nanoparticles and induction
heating properties of the composites with
hydroxyapatite

言語: en

出版者: Elsevier B.V.

公開日: 2021-03-19

キーワード (Ja): 

キーワード (En): Lanthanum strontium manganite,

LSMO, Perovskite, Mechanochemical effect,

Hydroxyapatite, Hyperthermia

作成者: Iwasaki, Tomohiro, Takeda, Rie

メールアドレス: 

所属: 

メタデータ

http://hdl.handle.net/10466/00017254URL



1 

 

Mechanochemically assisted synthesis of La0.7Sr0.3MnO3 nanoparticles and induction 

heating properties of the composites with hydroxyapatite 

 

Tomohiro Iwasaki*, Rie Takeda 

Department of Chemical Engineering, Osaka Prefecture University 

1-1 Gakuen-cho, Naka-ku, Sakai, Osaka 599-8531, Japan 

* Corresponding author. iwasaki@chemeng.osakafu-u.ac.jp 

 

Abstract 

Perovskite lanthanum strontium manganese oxide (LSMO, strontium-substituted lanthanum 

manganite) La0.7Sr0.3MnO3 nanoparticles were synthesized via the low-temperature calcination 

of the precursor, which was prepared using a mechanochemical route. A powder mixture of 

lanthanum chloride, strontium chloride, manganese chloride and sodium carbonate was high-

energy milled by a planetary ball mill under semiwet (moist) conditions to obtain the precursor. 

To study the mechanochemical effects on the formation of LSMO, a thermogravimetric (TG) 

analysis was conducted for the precursors prepared under various conditions; the precursors 

and the intermediates formed during calcination were identified by X-ray diffraction (XRD). 

The calcination of the milled precursor at 600 °C resulted in the formation of LSMO 

nanoparticles with good induction heating properties. The LSMO/hydroxyapatite composites 

exhibited rapid temperature increases in an AC magnetic field. The obtained results demonstrate 

that the LSMO nanoparticles and LSMO/hydroxyapatite composites are promising candidates 

for magnetic hyperthermia treatments. 
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1. Introduction 

   Strontium-substituted lanthanum manganite (lanthanum strontium manganese oxide: 

LSMO) is an industrially important material with perovskite structure and has been used in 

various functionalized materials such as magnetic thin films [1–3] and nanoparticles [4–6] 

because of its excellent properties [7–11]. In recent years, LSMO has attracted much interest 

due to good induction heating properties in alternating-current (AC) magnetic fields. Therefore, 

many researchers have attempted to apply LSMO nanoparticles as a heating mediator to 

magnetic hyperthermia treatments for cancer therapies [12–15]. 

   Typically, LSMO nanoparticles are prepared via calcination of the precursors, i.e., solid-

phase reactions of oxides, hydroxides, carbonates, nitrates, etc. of lanthanum, strontium and 

manganese at high temperatures [16–19]. However, considering energy saving, the calcination 

at low temperatures is industrially desired. For low-temperature solid-phase reactions, 

mechanochemical treatments of the precursors have been used prior to the calcination. In the 

mechanochemical methods, the precursors are subjected to high-energy ball-milling, which 

activates the precursors [20]. This process can increase the rate of solid-phase reactions at 

relatively low temperatures compared to conventional processes [21–26]. However, in many 

cases, the calcination at high temperatures above 750 °C is still required [21]; thus, the 

calcination temperature should be reduced for energy saving. 

   This study aims to further reduce the calcination temperature by mechanochemically 

preparing the precursor, which is more effective for the low-temperature synthesis of LSMO 

(La0.7Sr0.3MnO3) with good induction heating properties. To determine the suitable precursor, 

various precursors were prepared, and the reaction temperature and formation of LSMO were 

analyzed. In addition, as a possible application of the synthesized LSMO nanoparticles, LSMO-

incorporated biocompatible composites were studied. In this work, hydroxyapatite (denoted as 

HA) was used as a matrix material of the composites [27–30]. The LSMO-incorporated HA 

composites [31], which are expected to be heating elements for magnetic hyperthermia therapy 

of bone tumors, were prepared via a mechanochemical route [32,33], and their induction heating 

properties were investigated. 
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2. Experimental methods 

2.1. Synthesis of LSMO nanoparticles 

   All reagents of analytical grade were purchased from FUJIFILM Wako Pure Chemical 

(Japan) and used without further purification. A planetary ball mill (P-7, Fritsch, Germany) was 

used to prepare the precursors of LSMO. The predetermined amounts of the starting materials, 

i.e., 3.5 mmol of lanthanum chloride heptahydrate (LaCl3·7H2O), 1.5 mmol of strontium 

chloride hexahydrate (SrCl2·6H2O), 5 mmol of manganese chloride tetrahydrate (MnCl2·4H2O) 

and 11.8 mmol of sodium carbonate (Na2CO3, used as the base) were placed in the milling pot 

(45 mL capacity, made of silicon nitride) with 180 yttria-stabilized zirconia balls of 5 mm in 

diameter. A small amount (0.5 g) of deionized water was added to the pot to prevent the powders 

from fixing onto the pot inner wall during milling. The ball-to-powder mass ratio was 

approximately 18:1. The high-energy ball milling was conducted at a revolution speed of 600 

rpm for 1 h (net milling time); the revolution was stopped for 5 min every 10 min of milling to 

avoid overheating of the powders. After the milling, the precursor, which mainly consisted of 

La2(CO3)3, SrCO3, MnCO3 and NaCl, was obtained. The resulting precursor paste was collected 

from the pot and dried at 110 °C in air overnight. The dried precursor was calcined at 600 °C 

in air for 5 h, which formed LSMO according to the following overall reaction. 

0.35La2(CO3)3 + 0.3SrCO3 + MnCO3 + 0.325O2 → La0.7Sr0.3MnO3 + 2.35CO2 (1) 

The final product was obtained after washing the calcined powder with deionized water several 

time to remove NaCl, and subsequently dried at 110 °C in air overnight. 

   To examine the effects of the constituent of the precursor on the formation of LSMO, 23.5 

mmol of sodium hydroxide (NaOH) was used as the base instead of Na2CO3, and the milling 

was performed without adding water according to the similar procedure, which provided a 

precursor of mainly La(OH)3, Sr(OH)2, Mn(OH)2 and NaCl. In this case, LSMO was formed 

during calcination according to the following overall reaction. 

0.7La(OH)3 + 0.3Sr(OH)2 + Mn(OH)2 + 0.325O2 → La0.7Sr0.3MnO3 + 2.35H2O (2) 

After washing and drying, the final product was obtained. 
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   Furthermore, to confirm the mechanochemical effects, the precursor was prepared in an 

aqueous solution without milling as follows. The same amounts of chlorides as those in the 

milling were dissolved in 10 mL of deionized water; then, 11.8 mmol of Na2CO3 was added to 

the solution to form the carbonates. The suspension was evaporated at 110 °C in air. The 

resulting precursor powder was calcined, washed and dried according to the described 

procedure. In addition, to investigate the role of NaCl in the formation of LSMO, the milled 

carbonate precursor was washed with deionized water to remove NaCl prior to calcination. 

Then, the washed precursor was dried and calcined. 

 

2.2. Synthesis of HA nanoparticles and LSMO/HA composites 

   HA nanoparticles were synthesized by a mechanochemical method [34,35]. The mixture of 

3 mmol of dicalcium phosphate dihydrate (CaHPO4·2H2O) and 2 mmol of calcium carbonate 

(CaCO3) was wet-milled in 50 mL of 1 mol/L NaOH solution for 1 h using the planetary mill 

at 600 rpm. The milling pot and balls were identical to those in the preparation of LSMO 

precursors. The molar ratio of CaHPO4·2H2O and CaCO3 corresponded to the stoichiometric 

molar ratio in the formation reaction of HA expressed by Eq. (3). 

6CaHPO4·2H2O + 4CaCO3 → Ca10(PO4)6(OH)2 + 14H2O + 4CO2 (3) 

After milling, the formed HA nanoparticles were centrifuged and washed with deionized water 

several times, and dried at 60 °C in air overnight. This process can provide B-type carbonate-

substituted hydroxyapatite [35]. Subsequently, the LSMO/HA composites were synthesized 

under dry conditions by hand-mixing the HA nanoparticles with LSMO nanoparticles for 10 

min with a mortar and pestle. The LSMO nanoparticles used for this synthesis were obtained 

via the mechanochemical route using Na2CO3 without prewashing the precursor. Both the 

LSMO and HA nanoparticles were thoroughly washed and rinsed with deionized water after 

their synthesis, and the final supernatants had approximately the same level of specific 

conductivity as deionized water. This suggested that the LSMO and HA nanoparticles hardly 

contained ionic impurities that can affect the formation of the composites. The LSMO content 

in the composites was varied from 2 to 5 mass%. 
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2.3. Characterization 

   X-ray diffraction (XRD) analysis was conducted for the precursors and corresponding final 

products using a powder X-ray diffractometer (RINT-1500, Rigaku) with CuKα radiation (40 

kV, 80 mA) with a wavelength of 0.154 nm. The crystallite size of LSMO of the final products 

was calculated using the diffraction data measured at 2θ ≈ 32.8°, which corresponded to the 

(104) plane via Scherrer equation. The morphologies of the final products were observed with 

a field-emission scanning electron microscope (FE-SEM; JSM-6700F, JEOL) at 15 kV. To 

analyze the reaction processes with the degassing of CO2 and H2O during calcination, the 

thermogravimetric (TG) curve of the precursors was collected with a thermogravimetric 

analyzer (DTG-60, Shimadzu) at a heating rate of 10 °C/min in an air flow of 100 mL/min. 

   To evaluate the induction heating properties of LSMO nanoparticles, suspension samples 

were prepared by adding the LSMO nanoparticles (10 mass%) to glycerol [36] and 

ultrasonicating (50 W, 20 kHz) for 9 min to disintegrate the aggregates and disperse the particles. 

An AC magnetic field generator was used, which was composed of a radio frequency power 

source (T162-5723A, THAMWAY), an impedance matching box (T020-5723F, THAMWAY), 

and a solenoid coil (70-mm inner diameter) with 21 turns of water-cooled copper tube (4-mm 

outer diameter and 3-mm inner diameter) [36]. A glass test tube with a diameter of 15 mm was 

placed in the center of the coil after 2.1 g of the suspension was charged in the test tube. The 

temperature increase in the AC magnetic field (600 kHz, 5 kA/m) was measured with an optical 

fiber thermometer (FTI-10 with FOT-L-NS-967, FISO Technologies). In the evaluation for the 

LSMO/HA composites, 0.4 g of the composite powder was placed in the glass tube under dry 

conditions without glycerol and closely packed by tapping the tube. The temperature was 

measured according to the described method for LSMO particles. 

   In addition, a release test of heavy metals was performed in a physiological saline solution 

to examine the safety of the LSMO/HA composites in hyperthermia applications. Briefly, 0.1 g 

of the LSMO nanoparticles used for the synthesis of the composites were soaked in 50 mL of 

0.9 w/v% NaCl solution at 43 °C for 24 h under stirring. The elemental analysis by energy 
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dispersive X-ray spectroscopy (EDX; Epsilon 1, Malvern Panalytical) was performed to check 

the elution of the heavy metals. 

 

3. Results and discussion 

3.1. Synthesis of LSMO 

   Figure 1 shows the TG curves of the precursors mechanochemically prepared using Na2CO3 

and NaOH. The mass of the precursor composed of the carbonates decreased at 3 temperature 

levels of approximately 279, 418 and 571 °C. In contrast, the hydroxide precursor had a clear 

mass reduction only at approximately 591 °C. Although this temperature was higher than that 

(571 °C) of the third mass reduction in the carbonate precursor, the results suggest that the 

calcination of the precursors at 600 °C results in the formation of LSMO in both cases. Figure 

2 shows the XRD patterns of the precursors and corresponding final products. The carbonate 

precursor contained La2O(CO3)2·xH2O as the carbonate of lanthanum. The hydroxide precursor 

consisted of La(OH)3 and SrCO3, which could be derived from Sr(OH)2 and CO2 in air. In both 

precursors, no clear diffraction peaks of carbonates of strontium and/or manganese were 

observed, which may be due to the amorphization. The XRD analysis of the final products 

confirms the formation of the perovskite-structured LSMO phase (JCPDS No. 51-0409) from 

both precursors. The crystallite size of the LSMO nanoparticles from the carbonate precursor 

was determined to 15.6 nm, which was slightly larger than that (14.9 nm) from the hydroxide 

precursor. The reason may be that the carbonate precursor started to react at relatively low 

temperatures, which prolonged the crystal growth period during the calcination. Figure 3 

depicts the SEM images of the final products observed at ×40,000 magnification. The particle 

sizes were almost identical (approximately 50–100 nm); however, the final product from the 

hydroxide precursor slightly contained a needle-like phase as impurities, probably La(OH)2 

and/or La2O3 (Fig. 2d) [37,38], which suggests that the formation reactions were unfinished 

during the calcination. Figure 4 shows the temperature increase in the AC magnetic field. The 

temperature of the final product from the carbonate precursor rapidly increased with time, 

which indicates that it has good induction heating properties. This may be due to the larger 
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crystallite size and higher purity of LSMO. The obtained results reveal that the carbonate 

precursor, i.e., the use of Na2CO3 as the base, was effective for the synthesis of LSMO 

nanoparticles using this process. 

 

3.2. Formation process of LSMO during calcination 

   Based on the TG curve of the carbonate precursor in Fig. 1a, the samples prepared by the 

calcination of the precursor at 350 °C and 500 °C for 1 h, followed by washing, were analyzed 

by XRD. According to Figs. 2a and 5a, there were no remarkable differences except for the 

NaCl removal, which implies that the dehydration of La2O(CO3)2·xH2O (i.e., reduction of x) 

may mainly occur at the first mass reduction step (i.e., at approximately 280 °C) [39]. Figures 

1a and 5b confirm that in the second step at approximately 420 °C, LSMO was formed. In 

general, for example, the formation of La2O2CO3 from La2O(CO3)2·xH2O and the formation of 

La2O3 by the decarboxylation of La2O2CO3 can occur at temperatures above 400 °C and 700 °C, 

respectively [39]. Therefore, the results demonstrate that the mechanochemical preparation of 

the carbonate precursor can effectively contribute to the formation reactions of LSMO at low 

temperatures. 

   Figures 6 and 7 show the TG curve of the carbonate precursor prepared without milling and 

the XRD patterns of the precursor before and after the calcination, respectively. The mass 

reduction was observed in 3 steps at 317, 427 and 633 °C (Fig. 6), which was a similar tendency 

to the case of the milled precursor in Fig. 1a. However, the temperatures were higher than those 

of the milled precursor. According to Figs. 2c and 7a, the unmilled precursor had a similar 

composition to the milled precursor; however, the calcination of the unmilled precursor could 

not finish the formation reactions, as shown in Fig. 7b, which resulted in a low yield of LSMO 

and formation of byproducts such as LaOCl. Therefore, the milling of the precursor can increase 

its reactivity by the mechanochemical activation, which may enhance the reaction rate at low 

temperatures. 

   The TG curve of the washed carbonate precursor and the XRD patterns of the precursor 

before and after the calcination are shown in Figs. 8 and 9, respectively. Although the precursor 
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underwent the mechanochemical treatment, it needed higher temperatures for the reactions (Fig. 

8), which resulted in incomplete formation reactions of LSMO during the calcination at 600 °C 

(Fig. 9). By washing, NaCl was removed from the precursor. Accordingly, it is suggested that 

NaCl in the precursor plays an important role in a rapid progress of the reactions, although NaCl 

is not a reactive component in the formation reactions. In addition, the washing can reduce the 

surface energy of the mechanochemically activated reactant particles by wetting, which 

decreases the activation of the precursor and may increase the reaction temperatures. 

 

3.3. Induction heating properties of LSMO/HA composites 

   Figure 10 shows the XRD pattern and SEM image (magnification: ×30,000) of 5 mass% 

LSMO/HA composite as an example, which confirms that the LSMO nanoparticles were well 

distributed in the HA matrix. The HA peaks in the XRD pattern (Fig. 10a) almost coincided 

with those in a typical XRD pattern of carbonate hydroxyapatite [40]. Figure 11 depicts the 

temperature profiles of LSMO/HA composites with various LSMO contents in the AC magnetic 

field. Rapid temperature increases were observed, which implies that the LSMO/HA 

composites had good hyperthermia properties even at low LSMO contents. Furthermore, using 

the 5-mass% LSMO/HA composite, we attempted to control the temperature (Fig. 12). The 

temperature was adjusted to 37 °C, which was a normal human body temperature, before 

subjected to the AC magnetic field. By induction heating, the temperature was quickly increased 

and successfully controlled at approximately 43±1 °C by a simple on-off control of the AC 

magnetic field. The EDX analysis of the supernatant after the release test for the LSMO 

nanoparticles demonstrated no elution of the heavy metals, implying the non-toxicity of the 

LSMO/HA composites. The obtained results suggest that the LSMO/HA composites may be 

promising candidates as a heating mediator for magnetic hyperthermia therapy of bone tumors. 

 

4. Conclusions 

   The LSMO nanoparticles with good induction heating properties were synthesized by the 

calcination of a special precursor at 600 °C, which was a relatively low temperature compared 
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to those in conventional processes. The formation of LSMO was analyzed through the TG and 

XRD analyses of various precursors, intermediates and final products, which demonstrates that 

the precursor mechanochemically prepared by ball-milling the carbonates of La, Sr and Mn was 

effective for the low-temperature synthesis. Furthermore, the LSMO/HA composites were 

synthesized by simply mixing the LSMO and HA powders and exhibited good induction heating 

properties, which suggests that the composites are promising candidates for magnetic 

hyperthermia therapy of bone tumors. 
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Fig. 1. TG and DTG curves of the precursors mechanochemically prepared using (a) Na2CO3 

and (b) NaOH. 

 

Fig. 2. XRD patterns of the (a, c) mechanochemically prepared precursors and (b, d) 

corresponding final products using (a, b) Na2CO3 and (c, d) NaOH. 

  

Fig. 3. SEM images of the final products obtained from the (a) carbonate and (b) hydroxide 

precursors. 
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Fig. 4. Temperature profiles of the final products obtained from the (a) carbonate and (b) 

hydroxide precursors in the AC magnetic field. 

 

Fig. 5. XRD patterns of the samples prepared by the calcination of the carbonate precursor at 

(a) 350 °C and (b) 500 °C for 1 h. 

 

Fig. 6. TG curve of the carbonate precursor prepared in an aqueous solution without milling. 
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Fig. 7. XRD patterns of the unmilled carbonate precursor (a) before and (b) after calcination. 

 

Fig. 8. TG curve of the washed precursor. 

 

Fig. 9. XRD patterns of the washed precursor (a) before and (b) after calcination. 
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Fig. 10. (a) XRD pattern and (b) SEM image of the 5-mass% LSMO/HA composite. 

 

Fig. 11. Temperature profiles of LSMO/HA composites with various LSMO contents in the AC 

magnetic field. 

 

Fig. 12. Temperature control of 5-mass% LSMO/HA composites by the on-off control of the 

AC magnetic field. 
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