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Phase Transition Enthalpy, and Oxidation Binding Energy of Hydrothermally Synthesized BaTiO3 
Nanopowders via Pre-annealing and Sintering Processes

Hydrothermally synthesized BaTiO3 nanopowders pre-annealed at high temperatures of 900℃ for 4 h in the air were sintered 
at 1200℃ for 2 h in N2 atmosphere, and their cubic-tetragonal transformation, transition enthalpy, and binding energy (BE) were 
investigated. The nanopowder crystal structures changed from cubic to tetragonal during annealing or sintering at temperatures 
above 900℃ with constant tetragonality (1.01). With increasing pre-annealing temperature, the cubic-tetragonal transition enthalpy 
decreased, and the differential scanning calorimetry (DSC) peak broadened. Pre-annealing in the air increased BE and nonchemical 
energy distribution in the BaTiO3 powder, reducing the transition enthalpy and sharpness of the DSC curve. This was ascribed to 
the differences in imperfections from oxidation, such as the density and uniform distribution of Ba among the samples, resulting 
from the BE shifts of the Ba 3d, Ti 2p and O 1s peaks to higher values in the XPS spectra.
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1. Introduction

Recently, BaTiO3 nanopowders have been used as dielectric 
materials in multilayer ceramic capacitors (MLCCs) owing to 
their high dielectric permittivities [1,2]. Studies on the high crys-
tallinity and purity of BaTiO3 nanopowders represent a growing 
field with the trend toward minimization and improved proper-
ties of electronic devices [3]. During the conventional synthesis 
of BaTiO3, solid mixtures of BaCO3 and TiO2 are calcinated at 
a high temperature of approximately 1200℃ [4]. In contrast, the 
hydrothermal synthesis of BaTiO3 from Ba(OH)2 and, TiO2 mix-
tures can be accomplished at reaction temperatures of 80-150℃ 
and produces finer particles with high purity due to the lower 
processing temperature. The hydrothermally synthesized BaTiO3 
is often reported to exhibit lower crystallinity and tetragonality, 
which are related to its polarization and dielectric constant [5].

The factors that influence the crystallinity and tetragona
lity of hydrothermally synthesized BaTiO3 powders have been 
explored in several studies. The Ti precursor, Ba/Ti ratio and 
synthesis temperature have been considered to be key factors af-
fecting the synthesis time [6,7]. By simply increasing the heating 
temperature during the annealing process, the BaTiO3 powder 
can be transformed from a cubic to a tetragonal structure, with 

the increasing tetragonality resulting from the removal of OH 
groups in the BaTiO3 powder [8,9]. However, little information is 
available on the surface electronic states of the Ba, Ti, and O ions, 
which affect electronic defects and surface reactivity. The surface 
electronic states can also affect the chemical reactions at the 
interface of the Ni or Cu electronic layers in MLCCs.

The present study aims to determine the dependence of the 
tetragonality, transition enthalpy, and electronic states on the 
binding energies (BEs) of the Ba, Ti, and O ions during the pre-
annealing and sintering processes in hydrothermally synthesized 
BaTiO3 nanopowders. The correlation between the transition 
enthalpy and the electronic states of the ions is discussed.

2. Experimental Details

The hydrothermally synthesized BaTiO3 nanopowders with 
a mean particle size of approximately 100 nm, purity of 99.95% 
(Shandong Sinocera Functional Material Co., Ltd., China), and 
cubic structure were prepared before and after annealing at 700 
and 900℃ for 4 h in air. The pre-annealed nanopowders were 
compressed into a cylindrical shape with a diameter of 6 mm 
at a pressure reaching 100 MPa at room temperature, and then, 
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the samples were sintered at 1200℃ for 2 h in a N2 atmosphere. 
The crystal structures of the pre-annealed powder and sintered 
samples were determined by X-ray diffraction (XRD) using 
a Rigaku SmartLab instrument. Transition enthalpy determina-
tion was carried out using a DSC Q100 (TA Instruments, USA), 
and samples were studied using the continuous scan mode at 
a heating rate of 10℃/min under a flowing Ar atmosphere. The 
surface chemical bonds of the specimens were determined by 
X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, 
Thermo Fisher Scientific Inc., USA) at room temperature with 
a base pressure of 5×10–10 mbar using monochromatic Al K-α ra-
diation (1486.76 eV) operated at 300 W as the excitation source.

3. Results and discussion

X-ray diffraction patterns of the pre-annealed and sintered 
samples are shown in Fig. 1, and exhibit the characteristic peaks 
of both the cubic and tetragonal structures of BaTiO3 without the 
presence of impurities. For annealing below 900℃ (samples 1-2), 
the BaTiO3 powders had a cubic structure with signals in the 2θ 
range of 44-46°, whereas for annealing or sintering above 900℃ 
(samples 3-6), the profiles of the tetragonal 002 and 200 reflec-

tions appeared in the same range. Based on the XRD patterns 
obtained using the software for the powerful Rietveld refinement 
method (Crystal Impact GbR, Germany), the tetragonality (c /a) 
calculated using the lattice parameters of the a and c axes reached 
approximately 1.01 for samples 3-6 (refer to the dashed lines 
in Fig. 1), thereby indicating that the tetragonality of the BaTiO3 
samples is independent of the sintering temperature and atmos-
phere after cubic-tetragonal structural transformation occurred. 
According to previous reports, in hydrothermally synthesized 
BaTiO3, the OH group content in the cubic structure was more 
stable than that in the tetragonal structure, and the removal of the 
OH groups by annealing above 800℃ increased the tetragonality 
in the BaTiO3 [8,9]. Therefore, in the case of samples 4-5, the 
structural transition in both samples could be due to the high 
sintering temperature of 1200℃.

Fig. 2 shows the DSC curves of pre-annealed powders and 
sintered samples, and the protruding area for the heat flow lines 
of sample 3 in Fig. 2(a) is observed in the range of 120-140℃, 
indicating the cubic-tetragonal structural transition enthalpy 
ΔH t→c. This may be related to the oxygen vacancies, which 
indicate the defect concentration in the BaTiO3 structure. In [7], 
it decreased with increasing defect concentration when using 
Ba- and Ti-rich samples to induce oxygen vacancies. In this study, 

Fig. 1. XRD patterns of (a) pre-annealed powders and (b) sintered samples of the corresponding powders

Fig. 2. DSC curves of (a) pre-annealed powders and (b) sintered samples with the corresponding powders
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the samples were prepared by annealing at different temperatures 
in the air; the samples could have various intensities of oxygen 
absorption, and the defect concentration decreased with anneal-
ing temperature. Similar to that reported in [7], the enthalpy 
changes of the phase transition increased with the annealing 
temperature in air, owing to the strengthening of the oxidation. 
As shown in Fig. 2(b), the transition enthalpy of the sintered 
samples decreased with increasing pre-annealing temperature 
in air. Although, the crystals of samples 3-6 had a tetragonal 
structure and the same tetragonality, as shown in Fig. 1, the value 
of ΔH varied with the pre-annealing temperature. Asiaie et al. 
[10] found that the decrease of the transition enthalpy value was 
related to the loss of OH in hydrothermally synthesized BaTiO3 
particles, and the OH group content was reduced by heating 
below 800℃. Previous studies also attributed the Ba/Ti ratio 
[7] and impurities [11] to the transition enthalpy; however, the 
transition enthalpy variation in this study cannot be related to 
OH group loss due to the performance of sintering at 1200℃ 
and other factors mentioned above. In addition, the DSC curve 
of sample 4 shows sharp peaks, whereas broad peaks are clearly 
observed for samples 5-6. This broadening with increasing pre-
annealing temperature could be caused by the increase in the 
distribution of nonchemical energy, such as interface, surface, 
and strain energies, accompanying tetragonal-cubic nucleation/
growth. The ΔH reduction and peak broadening could improve 
the densification and uniform distribution for Ba oxidation [12].

Fig. 3 shows the XPS profiles of the pre-annealed and 
sintered BaTiO3 samples in the Ba 3d, Ti 2p, and O 1s regions. 
The Ba 3d5/2 spectrum can be further resolved into three differ-
ent contributions (BaO2, O2/Ba, and BaO), and the BaO peak 
at the lowest BE of 778.2 eV in samples 1-5 shifted to 778.4 eV 
in sample 6. A second peak attributed to BaO2 was observed at 
a 1.4 eV higher BE than that of the main BaO peak in the sam-
ples of BaTiO3 annealed in an oxidizing atmosphere [13]. The 
lowest BaO peak intensity for sample 1 indicates that oxygen 
was not cleaved. The spectral line shape of the Ti 2p transitions 
is shown in Fig. 3(b). The Ti 2p spectrum was deconvoluted 
into a characteristic spin-obit split doublet. A chemical shift of 

the Ti 2p (Ti 2p3/2, Ti 2p1/2) level BE toward higher values with 
increasing pre-annealing temperature was observed, similar to 
that of Ba 3d5/2. The main peak of Ti 2p3/2 is due to the Ti4+ va-
lence state, and the presence of a shoulder on the lower BE side 
of the peak demonstrates the existence of Ti3+ and Ti+2, thereby 
indicating the existence of oxygen vacancies [R8]. The absence 
of a shoulder in Fig. 3(b) is consistent with the absence of oxygen 
vacancies near the surface of the entire sample. Fig. 3(c) shows 
the O 1s spectrum; the lower BE peak at 528.9 eV belongs to 
the oxide peak, whereas the higher BE peak can be related to 
the surface layer termination of the oxides as part of the oxide 
structure [14]. The shift of the O 1s line to higher values, as in-
dicated by the dashed lines in Fig. 3(c), is comparable those of 
the Ba 3d and Ti 2p lines. The BE of the main peak (528.9 eV) 
increases with increasing pre-annealing temperature, which is 
believed to be due to an increase in the ionic state of the oxygen 
bond, causing the BEs of all electronic states of oxygen to shift 
to higher values, which is reported to contribute to the polariza-
tion and lattice energy [15]. These positive BE shifts are caused 
by the oxidation of Ba present with a high density and uniform 
distribution [16]. 

4. Conclusions

For the cubic-tetragonal transformation of hydrothermally 
synthesized BaTiO3 nanopowders, the XRD patterns, transition 
enthalpies, and BEs of chemical reactions via pre-annealing in air 
and sintering in a N2 atmosphere were investigated in this study. 
The starting powders with a cubic structure were transformed 
into powders with a tetragonal structure (c /a = 1.01) by heating 
above 900℃, irrespective of the environment. The transition 
enthalpy, ΔH t→c, decreased and the DSC peak broadened with 
increasing pre-annealing temperature of the sintered samples, 
which was ascribed to differences in imperfections from oxida-
tion, such as the density and uniform distribution of Ba among 
samples resulting from the BE shifts of the Ba 3d, Ti 2p and O 1s 
peaks to higher values in the XPS spectra. 

Fig. 3. Decomposition of XPS spectra of the Ba 3d (a), Ti 2p (b), and O 1s regions of pre-annealed and sintered BaTiO3 samples
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