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Nanoparticles of barium zirconate were obtained by the sol-gel method starting from different barium sources and 

zirconium n-butoxide in butanol. The intermediate wet gels were obtained by hydrolysis of the precursors with water 

excess, at room temperature. The dried gels were characterized by DTA and IR techniques and were thermally treated in 

air to obtain crystalline products. XRD and TEM methods proved the formation of barium zirconate nanopowders. 

According to XRD and TEM data, better results were obtained when starting with barium nitrate than with barium 

acetate precursors. 

INTRODUCTION 

Barium zirconate is a ceramic that belongs to the well-known perovskite-type family and is widely 

studied for its singular physical properties. Because of the high melting point (2700°C) and small thermal 

expansion coefficient (8.7 × 10–6 °C–1), BaZrO3 is promising for special refractory applications1 in both 

pure and doped forms in the electroceramic industry. Barium zirconate is also a good material as an 

insulating buffer layer, for crucibles and as secondary phase for high Tc superconductors, due to its high 

chemical stability and the absence of the phase transition up to 1375°C.2–7 

For these goals the synthesis route should have a higher degree of reproducibility and the particles 

should range in the nanometer scale dimension with high chemical homogeneity and purity. 

The solid phase reaction is one of the easiest and most common methods for synthesizing ceramic 

powders, which uses available starting materials as oxides and carbonate. However, this method has great 

disadvantages as high thermal treatment temperatures (1200–1700°C), nonhomogeneity of the products, so 

repeated mixing stages are needed in order to achieve pure crystalline products.3,7–9 

Barium zirconate can be prepared by wet chemical methods (sol-gel, coprecipitation, etc.) which have 

the advantage of the intimately mixed initial precursors at the molecular level, thereby the needed temperature 

is lower. The coprecipitation route can suffer from impurities due to the precipitating agents and from 

alteration of stoichiometry due to incompleteness of the precipitation process and loss of material during the 

repeated washing steps.10 

Comparatively with this method, the sol-gel synthesis seems to be one of the most adequate methods to 

prepare nanoparticles of barium zirconate due to the following main advantages: homogeneity of precursors 

at the molecular level, low temperature of processing, nanometer scale dimension of the obtained particles. 

Although the simple alkoxides were mostly used as starting materials in the sol-gel method11,12, 

because of the sensitivity to hydrolysis, an undesirable competition between hydrolysis and condensation 

reaction may occur. Bimetallic alkoxides could be an alternative to the simple alkoxide route. Although the 

bimetallic alkoxide are very reactive too, they already contain M-M′ bounds, so that the final product will be 

only bimetallic oxide.13,14 
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Complex formation in solutions of barium and zirconium alkoxides in ROH ( R = i-Pr, Et) was studied 

by Turevskaya et al.15 The sol-gel method yields a single-phase BaZrO3 powder only when i-PrOH solution 

of the alkoxides are used. In this case the oxocomplex BaZrO(OPri)4⋅(1-2)i-PrOH is the precursor of the 

mixed oxide. 

Barium zirconium oxide (BaZrO3) films were prepared by Paranthaman et al.16 by spinning of a 

solution composed by a mixture of Zr-methoxyethoxide and Ba-methoxyetoxide, using SrTiO3 as support. 

Nanocrystalline doped BaZr0.85Me0.15O2..925 (Me = Y, In and Ga) and undoped BaZrO3 powders with 

crystallite size of Dvol = 7 nm were prepared using a sol-gel type hydrolysis in microemulsion-provided 

nanoreactors.17 The cubic phase of Ba ZrO3 was recognized consisting of agglomerated nanoscaled spherical 

crystallites with size from 5 to 10 nanometers. 

Other precursors in the sol-gel method could be nitrates and acetates, but their reactivity is lower. A 

solution of compromise, suggested by Thomas,18 consists in using as starting materials metal acetate or 

nitrate of one metal and an alkoxide of the other one. It was observed that crystallization of the perovskite 

phase begins at lower temperature for n-butoxide derived solid solutions than for the n-propoxides ones19 

which is also less reactive.20 

Sol-gel synthesis of nano-sized BaTiO3, BaZrO3 and BaTi0.5Zr0.5O3 ceramics using alkoxide and  

semi-alkoxide routes was also investigated and the perovskites obtained were compared with respect to 

crystallisation temperature, crystallite size and compositional purity.21 Heterometal alkoxides containing 

two (for BaTiO3 and BaZrO3) and three (for BaTi0.5Zr0.5O3) different metals were used as single-source 

precursors in the alkoxide route while semi-alkoxide synthesis was performed by reacting barium hydroxide 

or acetate with Ti and/or Zr alkoxides. 

Due to its advantages the heterometallic alkoxide route for BaZrO3 preparation is preferred by many 

scientists.15,22–24 

The aim of the work was the preparation of nano-sized barium zirconate powders by semi-alkoxide 

synthesis starting with the same zirconium source (Zr-n-butoxide) and various barium sources (Ba-nitrate 

and Ba-acetate). 

EXPERIMENTAL 

Powder preparation 

Nanoparticles of barium zirconate were prepared via the sol-gel method from mixture of barium precursors and zirconium 

n-butoxide in n-butanol, hydrolyzed with water excess, in three main steps: sol preparation, gel preparation (Table 1) and thermal 

treatment of the gel (drying and annealing). 

Table 1 

Compositon of the initial mixtures and conditions of the synthesis 

  Precursors Molar ratio Condition of the synthesis 

Samples Precursors concentration 
Ba/Zr H2O/Σprecursors 

T 

(°C) 

t 

(h) 
Atmosphere 

1 
Ba(OAc)2 

Zr(OBu)4 
0.2M 1 10 70 24 Air 

2 
Ba(OAc)2 

Zr(OBu)4 
0.2M 1 10 70 24 Nitrogen 

3 
Ba(NO3)2 

Zr(OBu)4 
0.2M 1 10 70 24 Nitrogen 

First, the sol was prepared by dissolution of barium precursor and zirconium n-butoxide in n-butanol up to a concentration of 0.2 

M. Since barium precursors are insoluble in n-butanol they can only be dissolved in transition metal n-butoxide/n-butanol solutions by 

reaction with the alkoxides. The reaction was perfected under reflux and stirring for several hours, in air and N2 atmosphere. 

Then the sol was hydrolyzed at room temperature with 10 moles of water per mole of barium precursor, in order to obtain a gel. 
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The thermal treatment of the gels was different according to the barium precursor. The gel obtained starting with barium acetate 

was dried at 60–120°C, in air and heated with a heating rate of 1°C/min up to 900°C with a dwelling time of 2 hours at 500°C. 

The gel obtained starting with barium nitrate was dried also at 60–120°C, in air and heated with the same rate up to 700°C with a 

dwelling time of 1 hour at 260°C and 1 hour at 700°C, according to the DTA/TGA data (Table 2). 

Table 2 

Thermal behaviour of the obtained powders 

Samples 

Temperature range 

(°C) 

Thermal effects  

(°C) 

Weight loss 

(%) Assignment 

  endo  exo   

1 

20–150 

150–500 

 

500–1000 

100  

400 

465 

5    

 

19      

1      

Adsorbed water and OH– elimination 

Acetate decomposition 

Organic residues combustion 

 20–1000 Total weight loss 25       

2 

20–150 

150–500 

 

500–1000 

121 

 

 

921 

 

421 

480 

  2.84 

 

16.43 

  3.12 

Adsorbed water and OH– elimination 

Acetate decomposition 

Organic residues combustion 

BaZrO3 formation 

 20-1000 Total weight loss 22.43  

 

 

3 

20–150 

150–300 

 

300–800 

 

800–1000 

 

 

 

 

620 

730 

 

 

265–270 

450 

  3.11 

  3.11 

28.02 

Adsorbed water and OH– elimination 

 

Organic residues combustion and 

Ba(OH)2 decomposition 

Unreacted Ba(NO3)2 decomposition 

BaZrO3 formation  

 20–100 Total weight loss 34.24  

Powder  Characterization 

The dried gels were characterized by IR spectrometry, in the 400–4000 cm–1 range, and by DTA/TG analysis, up to 1000°C with a 

heating rate of 10°C/min. 

The intermediate compounds heated at 260 and 500°C, respectively, were characterized by IR spectrometry and XRD. 

The final powders were analyzed by XRD and TEM techniques. 

The following equipments were used: a SPECORD 75, IR spectrometer, a MOM OD-103 Derivatograph, a DRON-3 XRD 

equipment and a TEM JEOL 200-CX Microscope. 

RESULTS  AND  DISCUSSION 

The reaction between acetate and alkoxide groups proceeds by the elimination of the corresponding ester, 

leading to the formation of an oxoalkoxide bimetallic polymer, most probably by the following reactions, as 

reported by Hubert-Pfalzgraf: 25 

 - [Ba-OAc] + - [Zr-OBu] → - [Ba-O-Zr] - + BuOAc (1) 

 - [Ba-OAc] + - [Zr-OBu] → - [Ba-OAc→Zr-OBu] - (2) 

When working in air, these reactions were competed by the hydrolysis reaction of zirconium n-butoxide 

by the moisture of the atmosphere. The amount of barium acetate corresponding to the independently 

hydrolyzed zirconium-n-butoxide would remain unreacted in the mixture: 

 -[Ba-OAc] + - [Zr-OBu] + xH2O → - [Zr-OH]x + -[Ba-OAc]x + -[Ba-O-Zr]1-x + (BuOAc)1-x  (3) 

In the case of barium nitrate precursor, this was hydrolyzed to barium hydroxide and was included in the 

spatial lattice of hydroxo-polycondensed complex of tetracoordionated zirconium. 
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 -Ba(NO)3 + - [Zr-OBu] + xH2O → Ba(OH)2 + - [Zr-O-Zr]- (4) 

To some extent the reaction between barium hydroxide and zirconium n-butoxide could also occur. 

 - Ba(OH)2 + - [Zr-OBu] → - [Ba - O - Zr]  (5) 

In both cases, the structural evolution of the obtained gels with the thermal treatment, established 

according to the DTA/TGA results, was evaluated by IR spectroscopy and XR diffractometry. 

The IR spectrum of the gel obtained starting with Ba-acetate (Fig. 1 B) is rather similar to the spectrum 

of the Ba-acetate (Fig. 1 A) and presents the bands determined by the presence of the acetate group (Fig. 1 A) 

located at 610 cm–1 π(O-C=O), 680 cm–1 δ(OCO), 1420 cm–1, νs(O-C=O) and 1580 cm–1 νas(O-C=O). 

A broad supplementary band is observed at 3370 cm–1 due to the presence of the structural OH–, characteristic 

for the gels. By thermal treatment the vibration bands assigned to the acetate bands vibrations vanish and the 

band assigned to the Ba-O-Zr bonds formation occurs, at about 600 cm–1. A strong band at about 1400 cm–1 

assigned to the CO2 presence is also noticed (Fig. 1 C). 

 

Fig. 1 – IR spectra of barium zirconate gel obtained from barium acetate: 

A – barium acetate; 

B – barium zirconate gel, dried; 

C – barium zirconate gel, thermally treated at 500°C. 

The IR spectrum of the gel obtained starting with Ba-nitrate (Fig. 2 A) presents a broad and intense 

band at about 1400 cm–1 as well as two sharp bands at 720 and 810 cm–1, assigned in literature data to the 

Ba-nitrate.26 The presence of the structural OH– is evidenced by the broad band at about 3400 cm–1. The IR 

spectrum of the sample thermally treated at 260°C (Fig. 2 B) does not show important changes as compared 

to the spectrum of the initial gel. Only the intensity of the vibration bands is lower, indicating a partial 

decomposition of the Ba-nitrate during the thermal treatment. 

In the case of the sample thermally treated at 500°C only the characteristic bands at about 600 cm–1 

assigned to the Ba-O-Zr vibrations and the band assigned to the CO2 adsorption on the highly dispersed 

powder are observed. Comparing the intensity of the vibration band of the thermally treated barium 

zirconate powders obtained by the two preparation methods (Figs. 1C and 2C) it results that the bands 

assigned to the Ba-O-Zr vibrations are much better developed in the sample starting with Ba-nitrate, 

revealing the higher reactivity of this system. At the same time the band assigned to the CO2 adsorption has 

a lower intensity due to a better crystallization of the sample. 
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According to the DTA/TGA results, in the case of barium zirconate gel, obtained starting with barium 

acetate, a three steps thermal  decomposition is  noticed (Table 2). In the first step, from 20 to 150°C, the 

sample  

 

Fig. 2 – IR spectra of barium zirconate gel obtained from barium nitrate: 

A – barium zirconate gel, dried; 

B – barium zirconate gel, thermally treated at 260°C; 

C – barium zirconate gel, thermally treated at 700°C. 

loses adsorbed water and hydroxyl groups. In the second step up to 500°C, acetate and non-hydrolyzed 

alkoxide groups are pyrolysed. The presence of acetate and carbonate groups in the samples up to 500°C was 

confirmed by IR spectrometry (Fig. 1 C). Carbonate groups could be present in the gel, either due to the 

acetate decomposition, or due to the adsorption of CO2 from the atmosphere on the highly dispersed 

powders obtained. In the third step, at about 850°C, the reaction between unreacted barium carbonate and 

zirconia takes place, when all sample is converted to barium zirconate. 

In the case of the gels obtained starting with barium nitrate, DTA/TGA data revealed four main steps 

of decomposition. The first step represents the adsorbed water and hydroxyl groups elimination. The second 

and third steps, at about 270°C and 450°C, represent the decomposition and combustion of the residual 

organic groups. The decomposition of the unreacted Ba(NO3)2 (the fourth step) takes place at about 620°C. 

The decomposition of the Ba(OH)2 formed during the hydrolysis reactions overlaps both the residual 

organic groups combustion (450°C) and the unreacted Ba(NO3)3 decomposition.27 The formation of barium 

zirconate occurs, without weight loss at about 730°C. 

Taking into account the complex decomposition of the obtained gels and based on the IR spectrometric 

data, on may assume that due to the very low solubility of the barium salts in the reaction mixtures used in 

the present work, the formation of the Ba-O-Zr bonds during the gellation process was not quantitatively 

achieved. However, the intimately mixing of the components, and the high reactivity of the resulted gels 

lead to obtaining of pure barium zirconate at temperatures lower than 900°C. 

The phase evolution of the samples with the isothermal thermal treatments, realized according to the 

DTA/TGA results, as determined by XRD, is presented in the Figs. 3 and 4. 

In all cases, the powders are amorphous at room temperature and the crystallization of BaZrO3 starts at 

about 500°C and is achieved at 900°C. Unreacted barium carbonate and zirconia could be observed only as 

traces in the case of the Ba-zirconate powder obtained starting with Ba-acetate. In the case of the barium 
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zirconate powder obtained starting with Ba-nitrate the phase composition consists practically only of barium-

zirconate, underlying the higher reactivity of the sol-gel powders obtained starting with this precursor. 

The particles sizes of the barium zirconate powders, as determined by TEM measurements, lies in the 

nanometric range. In Fig. 5 the TEM micrograph of the particles of barium zirconate powders obtained starting 

with Ba-acetate is presented. Powders with dimensions ranging between 1–50 nm were identified. 

 

Fig. 3 – XRD patterns of barium zirconate gel obtained 

from barium acetate, after thermal treatment: 

A – barium zirconate gel, thermally treated at 500°C; 

B – barium zirconate gel, thermally treated at 900°C. 

 

Fig. 4 – XRD patterns of barium zirconate gel obtained 

from barium nitrate, after thermal treatment: 

A – barium zirconate gel, thermally treated at 260°C; 

B – barium zirconate gel, thermally treated at 700°C; 

C – DTA residue at 1000°C. 

 

 

 

Fig. 5 – Morphology of barium zirconate powder 

(Transmission Electron Microscopy) obtained from 

                              barium acetate. 
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CONCLUSIONS 

Nano-sized barium zirconate powders were obtained by the sol-gel method starting with the same 

zirconium source (Zr-n-butoxide) and various barium sources (Ba-nitrate and Ba-acetate). 

In both cases pure phase barium zirconate was obtained by thermal treatment of the obtained gels at 

temperatures lower than 900°C. 

The size of the final particles was in the nanometer range, up to 50 nm. 

The sol-gel method proved to be one of the most adequate for the synthesis of barium zirconate 

nanometer powders. 
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