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Abstract 

Zirconium titanate powders were synthesized by a straightforward sol-gel method using 

zirconium and titanium chlorides as metal precursors, deionized water as solvent and oxygen 

donor, and a NaOH solution for adjusting pH to 7. According to transmission electron 

microscopy, amorphous particles of nearly 5 nm in size with a relatively spherical 

morphology were prepared. Thermogravimetry and differential scanning calorimetery 

analyses on the xerogel at a heating rate of 10 ºC/min indicated a crystallization temperature 

of 690 ºC, which is comparable with previous reports. Furthermore, via differential scanning 

calorimetery studies using the Kissinger’s equation, the activation energy for ZrTiO4 

crystallization was determined to be 850 kJ/mol. Structural evaluations in the isothermal 

regime, using X-ray diffraction experiments, implied the onset of ZrTiO4 crystallization at 

550 °C. 
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1. Introduction 

Zirconium titanate (ZrTiO4) is an attractive ceramic for electronic, optical, chemical, 

catalytic, and biomedical applications [1–6], but demanding high purity and homogeneity. 

One of the promising approaches to synthesize homogeneous ceramic powders is the sol-gel 

process. In this method, when a high level of homogeneity is achieved, the obtained 

amorphous materials crystallize at temperatures of several hundred degrees lower than in 

classical routes, such as traditional melting and powder processing [7–11]. In addition, as a 

result of the development of high specific surface area powders by the sol-gel process, much 

lower sintering temperatures are required. 

The sol-gel preparation of zirconium titanate can be conducted by hydrolysis and 

condensation of inorganic salts [9,12,13] or alkoxides [14–16] as precursors, where the 

control of the hydrolysis and condensation processes is essential when establishing 

procedures especially for the latter. A number of non-hydrolytic sol-gel processes have been 

also focused on producing zirconium titanate powders [10,11]. On the other hand, 

nanostructured TiO2–ZrO2 powders and thin films have been prepared by an aqueous 

particulate sol-gel route from titanium isopropoxide and zirconium acetate hydrate as 

precursors [17]. However, to our knowledge, no work has been reported to date on the 

aqueous particulate sol-gel synthesis of zirconium titanate from chloride precursors.  

In this research, a straightforward aqueous particulate sol-gel method, as an 

environmentally friendly processing, was used to produce zirconium titanate powders. The 
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process is based on the hydrolysis of metal chlorides, in which alkoxide functions are formed 

in situ. One of the advantages of this route is employing an alternative (chloride precursors) 

to alkoxide precursors used in polymeric sol-gel methods to develop a product at lower cost, 

which is a significant attribute. This paper focuses on the sol-gel synthesis and 

characterization of zirconium titanate starting from ZrCl4 and TiCl4 as the metal precursors. 

 

2. Materials and methods 

2.1. Sample preparation 

18.2 mmol of zirconium tetrachloride (ZrCl4, Alfa Aesar, 99.5 %) was gradually added 

to 400 mL of deionized water and stirred for 15 min. 18.2 mmol of titanium tetrachloride 

(TiCl4, Alfa Aesar, 99.99 %) was added dropwise to the solution and magnetically stirred for 

2 h, leading to a solution of 0.98 in pH measured using a calibrated pH meter (Sartorius 

Professional Meter PP-15). Subsequently, an aqueous solution of NaOH (2 M) was added 

dropwise under magnetic stirring conditions until the pH value approached 7, forming a white 

hydrogel. After aging for 30 min, in order to remove chloride ion, the hydrogel was rinsed 

several times with deionized water, and the absence of chloride ions was checked using 

AgNO3. The obtained sample was centrifuged at 6000 rpm for 10 min, washed with ethanol, 

again centrifuged, and finally dried at 60 ºC for 2 h, developing white agglomerated powders 

(xerogel). The obtained powder was calcined at 500, 550, and 600 ºC for 1 h with a heating 

rate of 10 °C/min in a nitrogen atmosphere. 

 

2.2. Structural and thermal characterization 
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A transmission electron microscope (TEM, JEOL JEM-2100) operating at an 

acceleration voltage of 200 kV was used to evaluate the powder particle size and 

morphology. To do so, a small amount of the powder was dispersed in ethanol, ultrasonicated 

for 15 min, and then dropped on a carbon grid. To study the thermal behavior of the xerogel, 

simultaneous thermo-gravimetry and differential scanning calorimetery analyses (TGA/DSC, 

Netzsch, STA 449 F1 Jupiter ®) were performed under a flowing argon atmosphere in an 

alumina container. The X-ray diffraction (XRD) pattern of the xerogel and calcined powders 

was recorded by a Bruker AXS Inco. diffractometer using Cu Kα radiation (λ =1.54056 Å). 

 

3. Results and discussion 

The TEM observations of the xerogel powder particles (before calcination) show two 

typical features. As depicted in Fig. 1(a), despite dispersion in ethanol and ultrasonication, 

some agglomerated particles of 50-100 nm in size can be still seen, making it difficult to 

distinguish the real particle size and morphology. This strong tendency toward agglomeration 

is due to the significant surface-to-volume ratio and surface tension of nanoparticles. 

Nonetheless, according to Fig. 1(b), on the edge of the agglomerated particles, powder 

particles of approximately 5 nm in diameter with a relatively spherical morphology can be 

recognized. The related selected area diffraction (SAD) pattern (Fig. 1(c)) indicates 

homogenous featureless diffraction halos attributed to an amorphous structure. No diffraction 

spots or sharp rings associated with crystalline phases can be observed, suggesting the 

synthesis of fully amorphous nanoparticles. 

The TGA and DSC profiles of the xerogel at a heating rate of 10 °C/min are provided 

in Fig. 2. In the TGA curve, a pronounced weight loss of 15% is observed from 100 ºC to 250 



This is the accepted manuscript (postprint) of the following article: 
E. Salahinejad, M. Hadianfard, D. Macdonald, I. Karimi, D. Vashaee, L. Tayebi, Aqueous sol–gel synthesis of 
zirconium titanate (ZrTiO4) nanoparticles using chloride precursors, Ceramics International, 38 (2012) 6145-
6149. 
https://doi.org/10.1016/j.ceramint.2012.04.064 
 
 
 

5 

ºC. A broad endothermic peak at around 120 ºC and a sharp exothermic peak at 690 ºC are 

also observed in the DSC curve. Considering both analyses simultaneously, it is evident that 

the first event, the endothermic one with a considerable weight loss, is due to the removal of 

residual water and chloride during heating. On the other hand, the second sharp event was 

accompanied by no weight loss and is attributed to crystallization of the amorphous phase 

developed by the sol-gel method, as verified by XRD and TEM studies below. In accordance 

with the DSC profile, the onset crystallization temperature and crystallization peak 

temperature are 575 and 690 ºC, respectively.  

To study the kinetic behavior of the crystallization event, further DSC experiments on 

the xerogel were carried out at different heating rates of 20, 30, 40, and 50 ºC/min. Based on 

the data shown in Fig. 3(a), by increasing the heating rate, the crystallization peak is shifted 

to higher temperatures since the crystallization process from an amorphous phase is a 

diffusional and thermally-activated transformation controlled via nucleation and growth. The 

activation energy for crystallization (Ec) can be determined by the Kissinger’s equation [18]: 

                                                                                                                            (1) 

where Tc, C, and R are the crystallization peak temperature, heating rate, and universal gas 

constant respectively. Fig. 3(b) demonstrates the linear relationship between ln(Tc
2/C) and 

(1/Tc). From the slope of the curve, the value of Ec can be easily determined to be 850 kJ/mol. 

It has been reported that the activation energy of ZrTiO4 crystallization from amorphous 

powders prepared by sol-gel methods is 620 kJ/mol with the crystallization peak appearing at 

642 °C [19] and 139-323 kJ/mol with the peak becoming evident at 530-680 °C [2]. 

Compared to the results of this work, it can be concluded that the activation energy of ZrTiO4 

crystallization strongly depends on the preparation conditions. The activation energy of 
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crystallization calculated by the Kissinger’s equation is the activation energy required for 

growth [20]. The growth of nuclei needs an atomic rearrangement of the constituents, which 

is closely related to their diffusivity. Indeed, the difference of the activation energy calculated 

for this material synthesized by different procedures might be due to differences in the 

particle size, degree of hydration, homogeneity, and short-range order of the amorphous 

phase [2].  

To assess the structural evolution in the course of heating, particularly in the case of 

isothermal heat treatment, the XRD analyses were conducted on the xerogel before and after 

calcination at 500, 550, and 600 ºC, as represented in Fig. 4. The broad halo pattern of the 

xerogel [Fig. 4(a)] suggests a typical amorphous pattern, as confirmed by its SAD pattern 

[Fig. 1(c)]. As can be observed, the amorphous structure is still stable at 500 ºC [Fig. 4(b)]; 

however, the appearance of a number of ZrTiO4 reflections in the XRD pattern of the sample 

calcined at 550 ºC, provided in Fig. 4(c), is indicative of the onset of structural ordering and 

crystallization. Fig. 4(d) specifies the XRD pattern of the powder calcined at 600 ºC, inferring 

the crystalline ZrTiO4 phase with a crystallite size of 13 nm, determined by the EVA software 

using the Scherrer equation for the XRD maxima. The instrument broadening was calibrated 

by using a standard sample. Note that it is reasonable to neglect the strain contribution to 

broadening at low Bragg angles [21]. The XRD reflections were also confirmed by the ICSD 

reference code of 00-034-0415 for zirconium titanate with the orthorhombic α-PbO2 type 

structure, in which Zr and Ti atoms are in octahedral oxygen coordination. No XRD 

reflection corresponding to TiO2 and ZrO2 can be detected. The direct crystallization of 

ZrTiO4 at the low temperature is due to the high level of homogeneity of the xerogel. It has 

been reported that, in the case of low homogeneity, TiO2 crystallization occurs before 
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crystallization into ZrTiO4 [22]. The TEM micrograph and SAD pattern of the sample 

calcined at 600 ºC are illustrated in Fig. 5. Compared to the xerogel (Fig. 1), the powder 

particles have grown, with the driving force being a reduction in the surface energy, and have 

approached an average size of 50 nm with a relatively wide size range of 20 nm to 100 nm. 

Moreover, the high crystallinity of this powder results in distinct Debye-Scherrer diffraction 

spots in the SAD pattern (Fig. 5(b)).  

As shown above, based on the XRD analysis, the crystallization is initiated at 550 ºC 

(even at lower temperatures), but the crystallization peak of the DSC test is located at 690 ºC. 

The difference of the crystallization behavior detected from the DSC and XRD evaluations is 

due to the difference between the thermal regimes applied. During the DSC analysis, heating 

is continuous at a rate of 10 °C/min; nonetheless, the XRD patterns were obtained from the 

samples calcined at the different temperatures for 1 h under isothermal conditions, where 

time for the diffusional transformation of crystallization is provided, allowing the onset of 

crystallization at low temperatures. 

In conclusion, typical advantages of this processing route described in this paper 

include: i) It is a straightforward and uncomplicated procedure, ii) It allows for the successful 

synthesis of ZrTiO4 nanoparticles with a crystallization temperature much lower than in 

classical ZrTiO4 processing methods, and iii) It is capable of producing low cost powders 

compared to polymeric sol-gel methods using alkoxide precursors. 

 

4. Conclusions 
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In this work, an aqueous sol-gel procedure using zirconium and titanium chlorides was 

developed to synthesize ZrTiO4 powder. From this study, the following conclusions could be 

drawn: 

 According to the TEM studies, amorphous particles of almost 5 nm in size with a 

relatively spherical morphology were prepared.  

 The crystallization peak temperature of the amorphous powder prepared by the sol-gel 

route was found to be nearly 690 ºC, as determined by the DSC/TGA experiment at a 

heating rate of 10 ºC/min.  

 Using the Kissinger’s equation, the activation energy for ZrTiO4 crystallization was 

determined to be 850 kJ/mol.  

 Calcination at 550 °C for 1 h developed ZrTiO4 nanocrystals of 15 nm in size determined 

by XRD. In addition, high crystallinity and particle growth were confirmed by TEM 

studies. 
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Figures 

 

Fig. 1. TEM micrograph of the xerogel powder particles showing agglomeration (a), that 

showing nanoparticles of 5 nm in size (b), and the related SAD pattern suggesting an 

amorphous phase (c). 
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Fig. 2. TGA and DSC profiles of the xerogel at a heating rate of 10 °C/min. 

 

 

Fig. 3. DSC curves of ZrTiO4 crystallization obtained at the different heating rates (a) and 

Kissinger plot for ZrTiO4 crystallization (b). 
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Fig. 4. XRD pattern of the xerogel (a) and the powders calcined at 500 (b), 550 (c), and 600 

(d) °C. 
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Fig. 5. TEM micrograph (a) and SAD pattern (b) of the powder specimen calcined at 600 °C. 


