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Abstract
Tetragonal-phase  BaTiO3 powders of particle size 370 nm were synthesized by microwave sintering at 850 °C. The raw 
materials were  BaCO3,  TiO2, and alanine. SiC microspheres were used as microwave conductors. The effects of the holding 
time, sintering aids, and SiC addition on the preparation of  BaTiO3 were investigated. The results indicate that the addition 
of SiC as a microwave acceptor leads to formation of microwave micro-regions. This enables uniform heating of the raw 
materials and decreases the calcination temperature needed to obtain  BaTiO3. Alanine coordinates with Ba, and this loosens 
the metal–CO3 bond and promotes separation of  CO2, decreases the  BaCO3 decomposition temperature, and provides a higher 
nucleation site density. It gives an idea about the microwave solid-state synthesis of  BaTiO3 powder.
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1 Introduction

Perovskite oxide has many properties, e.g., piezoelectric, 
dielectric, and ferroelectric activities [1,2].  BaTiO3 is an 
important perovskite structure material. It is used in mul-
tilayer ceramic capacitors (MLCCs), semiconductors, and 
electroluminescent panels [3,4]. The trend toward minia-
turization of components in the electronics industry has 
increased interest in perovskite oxide nanopowders. For 
example, the fabrication of high-capacitance, small MLCCs 
requires the solid-state production of tetragonal-phase 
 BaTiO3 nanopowders with small highly dispersed parti-
cles [5]. The development of methods for decreasing the 

particle size and improving the uniformity of the  BaTiO3, 
while decreasing the synthesis temperature, is therefore a 
key issue.

BaTiO3 can be synthesized by sol–gel [6,7], solid-state 
[8,9], hydrothermal [10,11], coprecipitation [12], and micro-
wave methods [13].  BaTiO3 prepared by liquid-phase meth-
ods has hydroxyl lattice defects, and this leads to MLCC 
porosity during sintering [14].  BaTiO3 has been synthesized 
by a solid-state method below 1000 °C, with  BaCO3 and 
 TiO2 as the raw materials [15]. Although solid-state meth-
ods are cheap and simple, the products have a large aver-
age particle size, high agglomeration, and poor chemical 
homogeneity, and are not suitable for use in miniaturized 
electronic devices [16]. However,  BaTiO3 powder synthe-
sized by a solid-state method is crystalline and has fewer 
surface defects than  BaTiO3 prepared by liquid-phase meth-
ods. It has good dielectric properties, and its use ensures 
reliability of MLCCs. Companies such as Taiyo Yuden in 
Japan are therefore still developing improved solid-state 
methods for preparing tetragonal  BaTiO3 with small parti-
cles. Ando et al. [17] tried to solve the problems associated 
with solid-state reactions by adding bovine serum albumin 
to decrease the decomposition temperature of  BaCO3 in the 
presence of  TiO2; this decreases the calcination tempera-
ture in  BaTiO3 synthesis. Rui et al. [18] synthesized  BaTiO3 
via energy ball milling, which decreased the particle size, 
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increased the uniformity of the raw materials, and decreased 
the reaction temperature. Microwave solid-state synthesis 
is a new method that has emerged in recent years. Gromov 
et al. [19] placed a high-purity graphite pellet under a cru-
cible as a secondary acceptor to absorb microwave radia-
tion, which decreased the calcination temperature, to obtain 
 BaTiO3 powders. Rataro et al. [20] used ultrasonication and 
microwave irradiation, respectively, instead of classical ball 
mixing and synthesis steps, to obtain  BaTiO3. The synthe-
sis of highly dispersed  BaTiO3 nanopowders is therefore a 
challenge.

In this work, we used a combination of a solid-state 
method and microwave irradiation to prepare tetragonal 
 BaTiO3 from  BaCO3,  TiO2, and alanine as the raw materi-
als. Alanine has C=O and > NH groups, which coordinate 
preferentially with the ligand field of Ba. This lowers the 
 BaCO3 decomposition temperature and decreases the cal-
cination temperature. Because  BaCO3 and  TiO2 are weak 
microwave acceptors, a secondary acceptor, namely SiC, 
was added. This additive must efficiently absorb microwave 
radiation, be chemically inert, decrease the synthesis tem-
perature, and be readily separable after completion of the 
process. Unlike traditional solid-state methods, this method 
enables calcination below 900 °C and provides tetragonal 
 BaTiO3. The product has promising applications in minia-
turization of electronic devices.

2  Experimental

2.1  Sample fabrication

A  BaTiO3 nanopowder was synthesized from commercially 
available  BaCO3 (99.99%, Guangdong Fenghua Advanced 
Technology (HOLDING) Co., Ltd., Zhaoqin, China) and 
 TiO2 (99.99%, Guangxi Jinmao Titanium Industry Co., Ltd., 
Wuzhou, China). A mixture of  BaCO3 and  TiO2 in water was 
ground by sand milling with 0.3 mm  ZrO2 balls (BYZR-03, 
Shenzhen Chemical Boyi Industrial Co., Ltd., Shenzhen, 
China) at 2200 rpm for 6 h. The mixture was dried at 80 °C 
for 12 h. Then, 5 wt% alanine (99.99%, Shanghai Aladdin 
Bio-Chem Technology Co., Ltd., Shanghai, China) was 
added to  BaCO3 and  TiO2 in water under ball milling, and 
dried by spraying. SiC gravel (99.99%, Meiqilin New Mate-
rials Co., Ltd., Wuhan, China) was mixed with the spray-
dried materials by mechanical stirring, and the mixture was 
transferred to a microwave furnace (HY-QS3016, Hunan 
Huaye Microwave Technology Co., Ltd., Hunan, China). 
The frequency was set at 2.45 GHz, and the mixture was 
heated to 850 °C at a rate of 30 °C/min and then held for 
2 h. The temperature was measured with an infrared instru-
ment. Figure 1 shows a schematic diagram of the interior of 
the microwave oven. The SiC was separated mechanically. 

Figure 2 shows a flow chart of the microwave synthesis of 
the  BaTiO3 powder.

2.2  Characterization

The crystal phases of the  BaTiO3 samples were investigated 
by X-ray diffraction (XRD; D8 Advance, Germany) with 
Cu Kα radiation and a step size of 0.02°/s in the 2θ range 
20°–70°. Changes in the electronic states caused by alanine 
addition and milling were evaluated by X-ray photoelectron 
spectroscopy (XPS; Thermo ESCALAB250). Mass losses 
of the raw materials were investigated by thermogravim-
etry (TG). The sample microstructures were examined by 
field-emission scanning electron microscopy (FE-SEM; 
FEI Tecnai-450, USA). The  BaTiO3 structure was exam-
ined by Raman spectroscopy (Rwlishes, France) and Fourier 
transform infrared (FTIR) spectroscopy (Nicolet 6800, The 
Netherlands). Impurity elements in  BaTiO3 were identified 
by inductively coupled plasma atomic emission spectros-
copy (ICP-AES; Varian, UK). The particle size distribution 
of the  BaTiO3 powder was determined with a Mastersizer 
2000 (UK).

3  Results and discussion

3.1  Effects on  BaTiO3 microstructure of different 
holding times during microwave synthesis

The effects on  BaTiO3 of the weight percentage of SiC 
and holding time were investigated by synthesizing two 
groups of samples, group A and B, under different condi-
tions; details are shown in Table 1. Figure 3 shows XRD 
and spectroscopic data for  BaTiO3 nanopowders (group A) 
prepared by microwave solid-state sintering with different 
holding times. As the holding time increased from 0.5 to 
4 h, the structure changed from cubic to tetragonal and the 

Fig. 1  Schematic diagram of interior of microwave oven



Preparation of tetragonal barium titanate nanopowders by microwave solid-state synthesis  

1 3

Page 3 of 9 294

XRD peak intensities increased, as shown in Fig. 3a. For the 
samples prepared with holding times of 0.5 and 1 h,  BaCO3 
was detected and the patterns of the prepared  BaTiO3 sam-
ples correspond to JCPDS card (31-0174). When the hold-
ing time was increased, the  BaCO3 peak disappeared. The 
samples prepared with holding times of 2 and 4 h, i.e., S3 
and S4, respectively, correspond to pure tetragonal  BaTiO3 
(PDF 75–0460). The  BaTiO3 phases, i.e., cubic and tetrago-
nal, are generally distinguished by the absence or presence 
in the XRD pattern of a double diffraction peak near 2θ ≈ 
45° [21]. Figure 3a shows that when the holding time was 
increased, the diffraction peak at 2θ ≈ 45° eventually split 
into two peaks and became more apparent; these peaks cor-
respond to the (200) and (002) planes of tetragonal-phase 
 BaTiO3 [22]. This is because with increasing holding time, 
 BaTiO3 undergoes a crystal-phase transformation. The lat-
tice parameter a decreases and c increases, as shown in 
Table 1. Low-tetragonal cubic-phase  BaTiO3 was obtained 
by composite-hydroxide-mediated synthesis, and tetragonal-
phase  BaTiO3 was obtained by solid-state synthesis. This 
suggests that the addition of SiC enabled uniform microwave 
sintering, which enables shortening of the holding time and 

promotes the phase transition to tetragonal. The tetragonal-
ity values of the group A samples (determined from the c/a 
ratio) are 1.0002, 1.0078, 1.0085, and 1.0093 for S1, S2, S3, 
and S4, respectively [23,24]. The content of the tetragonal 
phase was calculated by using the following formula [25]:

where θ1 and θ2 correspond to the (002) and (200) planes, 
respectively. Quantitative analysis of S1, S2, S3, and S4 by 
using the MDI Jade 5.0 software showed that the tetragonal-
phase content increased from 18.2 (S1) to 97.3% (S4). The 
presence of  BaCO3 in the samples was detected by FTIR 
spectroscopy; the spectra of  BaTiO3 samples S1–S4 are 
shown in Fig. 3b. The spectra of S1 and S2 have two weak 
absorption peaks at 1439.11 and 858.69 cm−1; these verify 
the presence of  BaCO3 [26]. The  BaCO3 peaks gradually 
disappeared with increasing holding time. The FTIR spec-
tra confirm the results obtained by XRD. Tetragonal-phase 
 BaTiO3 can be obtained by increasing the holding time. 

Figure 3c shows the Raman spectra of the  BaTiO3 sam-
ples prepared with different holding times. The figure shows 
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Fig. 2  Flow chart of microwave synthesis of  BaTiO3 powder

Table 1  BaTiO3 samples 
synthesized by microwave 
solid-state method, and lattice 
parameters determined by XRD

Sample Calcination 
temperature 
(°C)

Hold time (h) The ratio of Sic 
gravel (wt%)

Lattice parameters Tetragonality (c/a)

A
S1 850 0.5 20 a = 4.0017, c = 4.0029 1.0002
S2 850 1 20 a = 3.9918, c = 4.0229 1.0078
S3 850 2 20 a = 3.9947, c = 4.0285 1.0085
S4 850 4 20 a = 3.9913, c = 4.0284 1.0093
B
S5 850 2 0 a = 3.9928, c = 3.9940 1.0001
S6 850 2 10 a = 4.0012, c = 4.0263 1.0063
S7 850 2 20 a = 3.9947, c = 4.0285 1.0085
S8 850 2 25 a = 3.9922, c = 4.0285 1.0091
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that the spectrum of the sample synthesized at 850 °C for 
0.5 h contains no obvious peak from the  BaTiO3 tetragonal 
phase, which indicates that it has no Raman activity [27]. 
When the cubic phase is transformed to the tetragonal phase, 
broad peaks appear near 260 and 520 cm−1; these are attrib-
utable to changes in the  Ti4+ position in the cubic-phase 
 BaTiO3 lattice and indicate Raman activity. The Raman 
peaks near 304 and 720 cm−1 are characteristic of tetragonal 
 BaTiO3 [28]. As the holding time increases, the intensities 
of the Raman peaks at 304 and 720 cm−1 increase, which 
indicates increasing tetragonality of the  BaTiO3 samples; 
this is confirmed by the XRD patterns.

Table 2 shows the particle sizes of  BaTiO3 samples 
synthesized at 850 °C with different holding times. The 
synthetic process involves growth of  BaTiO3 grains and 
a crystal transition from the cubic phase to the tetragonal 
phase. The solid-state reaction is not sufficient when the 
holding time is 0.5 h. When the holding time is too short, 

cubic-phase  BaTiO3 is obtained. Laser particle size analy-
sis of sample S1 shows that grain growth is not complete 
and  BaCO3 impurities are still present in the product; this 
is consistent with the results shown in Fig. 3. With increas-
ing holding time, the  BaCO3 impurities disappear and 
grain growth is complete. The particle size of the  BaTiO3 
nanopowders increased linearly because of microwave 
micro-region sintering. The D50 values for S1, S2, S3, 
and S4 are 270, 300, 370, and 650 nm, respectively. The 

Fig. 3  XRD and spectroscopic data for  BaTiO3 prepared by microwave solid-state method with different holding times

Table 2  Statistical distributions of particle sizes

Sample D10 (nm) D50 (nm) D90 (nm) BET  (m2/g)

S1 150 270 400 8.56
S2 180 300 700 5.93
S3 280 370 540 7.32
S4 320 650 820 3.66
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corresponding specific surface areas are 8.56, 5.93, 7.32, 
and 3.66  m2/g.

3.2  Effects of alanine sintering aid on  BaTiO3

The solid-state reactions of  TiO2 and  BaCO3 can be repre-
sented by Eqs. (2) and (3) [29]:

Figure 4a shows that the TG curves do not reflect reac-
tions (2) and (3). The sample weight loss when alanine was 
added was complete at 820 °C, and the sample weight loss 
without alanine addition was complete at 900 °C. This con-
firms that the experimental method involves reaction (2) 
almost entirely, because reaction (3) occurs above 1000 °C 
[30]. The thermal decomposition behaviors of alanine and 
mixtures of alanine with Ti and Ba inorganic compounds 
are compared in Fig. 4b. Complete decomposition of alanine 
occurs at 227 °C, but the differential TG curves of alanine 
mixed with the raw materials are multimodal; 38% of the 
organic matter was present up to 342 °C. The weight loss 
curve indicates that alanine decomposition occurs in stages; 
the portion that coordinates with the metal ions can survive 
to a higher temperature. In this study, the differential TG 
curves for alanine with  BaCO3,  TiO2, and a mixture of the 
two, show that weight loss begins at around 200 °C because 
the desorbed excess alanine does not directly coordinate with 
the metal species [31]; the details are shown in Table 3. The 
data in Table 3 show that the weight loss at around 200 °C 
for alanine–BaCO3–TiO2 equals the difference between 

(2)BaCO
3
+ TiO

2
→ BaTiO

3
+ CO

2
↑

(3)BaTiO
3
+ BaCO

3
→ Ba

2
TiO

4
+ CO

2
↑

those for alanine–BaCO3 and alanine–TiO2. This indicates 
that alanine can be adsorbed on the surfaces of  BaCO3 and 
 TiO2. The rest of the alanine is then combusted at around 
280 °C for alanine–TiO2 and alanine–BaCO3–TiO2, and 
332 °C for alanine–BaCO3. It can be assumed that a portion 
of the alanine is adsorbed or coordinated on the surfaces of 
 BaCO3 and  TiO2

Figure 5 shows the changes in the O1s and Ba3d bind-
ing energies after addition of alanine. Figure 5a shows that 
after alanine was added, the Ba3d peak shifted by 0.7 eV 
compared with the corresponding peak for  BaCO3 without 
added alanine. This indicates that coordination of the added 
alanine with  Ba2+ resulted in a decrease in the CO2−

3
 bond 

energy. The O1s peak position and energy transfer after mix-
ing  TiO2 with alanine are not much different from those 
for  TiO2. Figure 5b shows that the O1s binding energy of 
 BaCO3 shifted by 0.5 eV after alanine addition [32]. These 
results indicate that alanine and  Ba2+ play important roles 

Fig. 4  Thermogravimetric analysis of samples: a TG profiles of samples with alanine and b differential TG curves of alanine mixed with Ba/Ti 
inorganics

Table 3  Thermal decomposition behaviors of alanine and mixtures of 
alanine with Ba/Ti inorganics

Samples Decomposition tem-
perature (°C)

Weight loss (%)

Alanine 227 100
BaCO3–TiO2–Alanine 208

282
28
72

BaCO3–Alanine 205
332

52
48

TiO2–Alanine 185
276
347

22
62
16
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in the process and confirm that alanine helps to lower the 
temperature of  BaTiO3 synthesis.

3.3  Effects of SiC content on microstructures 
of  BaTiO3 powders

When a dielectric material is placed in a microwave field, 
it couples with the microwave field and electromagnetic 
energy is converted to thermal energy.  BaCO3 and  TiO2 
are weak microwave acceptors at room temperature, which 
results in hysteresis in the microwave heat transfer efficiency. 
A secondary acceptor, i.e., SiC, was added to improve the 
microwave heat transfer efficiency. The dielectric loss of 
SiC therefore determines the efficiency of heating of the 
raw materials. In this study, a SiC plate was added to the 
underside of a corundum crucible, and SiC gravel was 
mixed with the powders by mechanical stirring to form a 
 BaCO3–SiC–TiO2–alanine symbiotic system, and a uniform 
temperature distribution was achieved in the microwave 
field. This promoted formation of small, uniform particles 
of tetragonal-phase  BaTiO3. We found that without addition 
of SiC to the raw materials, microwave heating for 30 min 
to reach 900 °C and holding for 2 h gave  BaTiO3, but the 
tetragonality was poor. When SiC was added to the raw 
materials, thermal runaway occurred and the heating rate 
increased. This can be attributed to the microwave absorp-
tion capacity of SiC. The power (P) absorbed by the dielec-
tric material is calculated by using Eq. (4).

where electrical conductivity is denoted by � , the ampli-
tudes of the electric and magnetic fields are |E| and |H|, 
respectively, the applied microwave frequency is denoted by 
� , the dielectric constant and permeability of free space are 

(4)P =
1

2
�
|||E

2|||+��0�
��

r
|E|2 + ��

0
�

��

r

|||H
|||
2

denoted by �
0
 and �

0
 , respectively, and �′′

r
 and �′′

r
 are the rela-

tive dielectric constant and the imaginary part of the perme-
ability, respectively.  BaCO3 and  TiO2 have poor absorption 
properties. Equation (4) expresses the total energy absorbed 
by SiC. Consequently,  BaTiO3 was prepared in a short time, 
and the synthesis temperature was 850 °C, which is lower 
than the phase transition temperature (900 °C). However, the 
internal temperature of the sample can be higher than 850 °C 
because of the microwave heating mechanism. The core tem-
perature of the raw materials cannot be directly measured 
because there is a distance between the sample and the infra-
red thermometer, and only the surface temperature can be 
measured. It can be assumed that the core temperature of 
the sample was higher than the phase transition temperature 
of  BaTiO3.

In the experiments,  BaTiO3 was prepared by microwave 
solid-state synthesis at 850 °C, but  BaCO3,  TiO2, and ala-
nine are poor microwave acceptors, therefore, a secondary 
acceptor, namely SiC, was added. In this study, the effects 
on the sample properties of the amount of added SiC were 
investigated; the details are given in Table 1. Figure 6 shows 
the XRD patterns of the samples in group B, which were 
synthesized at 850 °C for 2 h with different SiC contents. 
The  BaTiO3 sample prepared without added SiC is cubic 
phase and corresponds to JCPDS card (31-0174). When the 
SiC content was increased, the XRD patterns show that the 
obtained samples (S6–S8) correspond to  BaTiO3 (JCPDS 
No. 75-0460). These results indicate that with increasing 
SiC content from 0 to 25 wt%, the tetragonality values of 
the synthesized  BaTiO3 (group B samples) increased from 
1.0001 to 1.0091. This is in agreement with the Raman spec-
troscopic results.

Figure 7 shows SEM images of  BaTiO3 samples pre-
pared at 850 °C for 2 h with different SiC contents. Fig-
ure 7a shows that the cubic-phase  BaTiO3 sample, which 

Fig. 5  XPS spectra: a Ba3d and 
b O1s
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was prepared without SiC, is severely agglomerated, with 
an average particle size of 240 nm. The particle size of the 
 BaTiO3 powder prepared with 10 wt% SiC is not uniform. 

The particle size varies from 300 to 600 nm, and the aver-
age size is 510 nm. These results show that the SiC was not 

Fig. 6  XRD patterns of group B 
samples prepared by microwave 
solid-state method with different 
SiC weight percentages: a 2θ 
range 20°–70° and b 2θ range 
44°–46°

Fig. 7  SEM images of  BaTiO3 samples prepared by microwave solid-state method with different SiC contents: a 0 wt%, b 10 wt%, c 20 wt%, 
and d 25 wt%
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well mixed with the raw materials and thermal runaway 
during heating led to abnormal grain growth. Figure 7c 
shows that the powder particles prepared with 20 wt% SiC 
are rectangular with good dispersibility and an average 
size of 370 nm. Unlike traditional solid-state methods, 
microwave irradiation gives a rapid temperature rise and 
uniform heating. This leads to rapid crystal nucleation and 
shortens the crystallization time. When SiC as a secondary 
acceptor is mixed with the powder, a micro-region heat 
source center is formed under the action of the microwave 
field, and uniform, rapid heating of the powder is achieved. 
The impurity content in sample S7 was determined by ICP-
AES; the results are shown in Table 4. The results show a 
Ba/Ti ratio of 1.005:1 and no SiC impurities. Comparisons 
with the compositions of the raw materials shows that the 
impurities CaO, SrO, and MgO are derived from  BaCO3 
and  TiO2, and the impurity  SiO2 is derived from SiC. The 
prepared samples meet the MLCC manufacturing require-
ments that are stipulated in the MLCC production manual. 
Figure 7d shows a SEM image of the sample prepared with 
25 wt% SiC. The image shows that the average particle 
size of the sample is about 920 nm. The statistical distri-
butions of the sample particle sizes are shown in Table 5; 
D10, D50, and D90 are the particle sizes corresponding to 
cumulative particle size distributions of 10%, 50%, and 
90%, respectively. The specific surface areas were 8.13, 
3.64, 7.32, and 1.87  m2/g for the samples prepared with 
SiC contents of 0, 10, 20, and 25 wt%, respectively. The 
average particle size of  BaTiO3 increased with increas-
ing SiC content. This is ascribed to the effect of the SiC 
content on microwave absorption. When the SiC content 
is low, the raw materials are not uniformly heated, and 
particle agglomeration is severe. When the SiC content is 

increased, thermal runaway occurs, and the average parti-
cle size is around 1 μm. This shows that if the SiC content 
is too high, side effects occur.  

4  Conclusions

A  BaTiO3 powder of high tetragonality, with c/a = 1.0085, 
Ba/Ti = 1.005, and an average particle size of 370 nm was 
synthesized by microwave micro-region sintering at 850 °C 
for 2 h. Alanine facilitated the decomposition of  BaCO3 
and improved the nucleation density of  BaTiO3. SiC effec-
tively improved the uniformity of the synthesis temperature 
and enabled preparation of tetragonal-phase  BaTiO3 at low 
temperatures. This improved microwave solid-state method 
produces tetragonal  BaTiO3.
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