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Abstract 
 
In this paper, Ca2.8Pr0.2Co4O9 powders were synthesized by sol-gel method and thermal and structural 

characterization of the powders were systematically examined for high temperature thermoelectric 

generator applications. Solution characteristics of precursors were examined by Turbidity and pH 

measurements using a turbidimeter and a pH meter. Differential Thermal Analysis-Thermogravimetry 

(DTA-TG) was used to specify appropriate thermal regime of the powders for calcination process. 

Chemical structure and reaction type of intermediate temperature products were defined by Fourier 

Transform Infrared (FTIR) Spectroscopy. Structural properties of the powders were implemented by X-

ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) was used to specify chemical 

composition and empirical formula of the elements existed within the powders. Drying, oxidation and 

phase transformation temperatures of the powders were optimized according to the DTA-TG and FTIR 

results. Considering the DTA curve, endothermic and exothermic reactions took place between 

temperature interval of 270 °C and 480 °C due to drying process at 200 °C. In addition, phase formation 

peaks of Ca2.8Pr0.2Co4O9 powders can be observed in the XRD study. It can be seen from the phase 

spectrum that 2θ peaks correspond to the literature and coincide with typical Ca3Co4O9 peaks. 
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1. Introduction 

 

Thermoelectric (TE) materials have attracted a great deal of attention by converting heat energy 

into electrical energy directly for thermoelectric power generation applications [1]. Recently, TE 

oxides became advantageous over alloy based intermetallic compounds in terms of high 

temperature stability, cost of starting materials, easy manufacturing and high temperature 

application areas [2]. Having looked at oxide TE materials, Ca3Co4O9 [3] and ZnO [4] have become 

important candidates for p- and n-type oxide TE materials with high figure of merit (ZT) values at 

high temperatures. In the past decade, many methods including doping have been used to improve 

their TE properties. Doping methods are the major approach to improve ZT of bulk materials [5]. 

Through these studies, ZT values of bulk oxide TE materials have reached to 0.5 at 1000 K and 
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0.65 at 1247 K for p-type Ca2.7Ag0.3Co4O9/Ag-10 wt.% composite [6] and n-type 

Zn0.96Al0.02Ga0.02O [7], respectively. 

 

Over the past decades, many synthesis methods have been used to synthesize Ca3Co4O9 and ZnO 

powders such as solid state reaction method [8], self-ignition method [9], combustion synthesis 

method [10], and sol-gel method [11]. Between these methods, sol-gel synthesis has some 

advantages among them as better stoichiometry control and homogeneity, lower reaction 

temperatures, easy fabrication and opportunity of using high-purity precursors [12].  

 

In this study, Ca3Co4O9 was doped with rare earth element Pr on the Ca side using sol-gel synthesis 

for thermoelectric generator (TEG) applications. Synthesis and characterization of Ca2.8Pr0.2Co4O9 

were performed systematically using Ca, Pr and Co based precursors, and solutions of these 

precursors were prepared with their solvents and chelating agents. This paper includes 

characterization methods to identify solution characteristics, process regime, structural properties 

and elemental composition of the powders. Within this scope, solution characteristics of the 

precursors were determined by pH and turbidity measurements. Thermal properties of the powders 

were characterized by Differential Thermal Analysis-Thermogravimetry (DTA-TG) in order to 

obtain appropriate calcination regime and Fourier Transform Infrared (FTIR) Spectroscopy was 

used to define chemical structure and reaction type of intermediate temperature products. Structural 

analysis of the Ca2.8Pr0.2Co4O9 powders was carried out using X-ray Diffraction (XRD) and results 

were compared with literature. In addition, X-ray Photoelectron Spectroscopy (XPS) was used to 

specify elemental composition and empirical formula of the elements within the powders.  

 

 

2. Materials and Method 

 

First of all, all the precursors were dissolved in their solvents and solutions of the precursors were 

prepared adding their chelating agents. Characteristics of the solutions were investigated by pH 

and turbidity measurements. After gelation process, xerogel was dried at 200 °C for 2 h and 

powders were obtained. Hereafter, DTA-TG analysis were achieved to specify thermal attributes 

of the powders and XRD analysis were managed to state structural analysis. Finally, elemental 

composition of elements within the powders was assigned by XPS.  

 

In this study, Ca2.8Pr0.2Co4O9 powders were synthesized using sol-gel method. Calcium nitrate tetra 

hydrate (99%, Alfa Aesar), praseodymium (III) nitrate hydrate (99.9%, Alfa Aesar) and cobalt (II) 

nitrate hexahydrate (ACS, Alfa Aesar) were used in stoichiometric ratios as starting materials. 

Distilled water was used as the solvent to dissolve each precursor having fully dispersed and 

homogenous solutions. Amounts of the precursors, solvent and chelating agent were given in Table 

1 used for the synthesis of 0.02 mole Ca2.8Pr0.2Co4O9. After obtaining separate solutions of the 

precursors, the solutions were mixed and magnetically stirred at 100 °C to obtain final 

homogeneous solution and citric acid monohydrate was added as the chelating agent to accelerate 

xerogel formation. After gelation, obtained xerogel was dried at 200 °C for 2 h to remove moisture 

and undesired gases. 
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Table 1. Stoichiometric ratios used for 0.02 mole of Ca2.8Pr0.2Co4O9 powders. 

 

Precursors Molecular Weight (g/mole) Amount 

Calcium nitrate tetra hydrate 236.15 13.2244 g 

Praseodymium (III) nitrate hydrate 291.04 23.2832 g 

Cobalt (II) nitrate hexahydrate 326.92 1.3077 g 

Distilled water 18 200 ml 

Citric acid monohydrate 210.14 4.2028 g 

 

Solution characteristics of the solutions were specified by a turbidimeter and a pH meter, 

respectively, maintaining turbidity and pH values. A VELP TB1 model turbidimeter was used to 

measure the turbidity value of the solutions with a measurement range of 0-1000 ntu 

(nephelometric turbidity unit). Acidic and basis characteristics of the final solution was determined 

by measuring its pH value with a WTW Inolab pH 720 model pH meter after the dispersion process.  

 

A Perkin Elmer STA 6000 model DTA-TG instrument was used to identify thermal behavior of 

the dried powders from ambient temperature to 900 °C in air atmosphere with a heating rate of 10 

°C/min.  Solution evaporation, decomposition and phase formation of the powders were stated as 

a result of DTA-TG analysis. Prior to XRD analysis, the dried powders were calcined at 800 °C 

for 2 h resulting as final Ca2.8Pr0.2Co4O9 powders. XRD pattern of the final powders was identified 

by a Thermo Scientific ARL model X-ray diffractometer using Cu Kα irradiation (wavelength, λ = 

1.540562 Å) in the range of 5° ≤ 2θ ≤ 90° at a speed of 2°/min. Elemental composition and element 

ratios of the powders were described using a A Thermo Scientific K-Alpha model XPS device with 

an Al Kα X-ray source between 0-1350 eV energy range.  

 

 

3. Results and Discussion 

 

It is important to specify if powder precursors are dissolved completely in solutions in terms of 

obtaining homogeneous solutions. Within this context, turbidity measurements are performed by 

inspecting ntu values of the solutions in the range of 0-1000 ntu. A homogeneous solution has been 

formed if the turbidity value is reputed to be closer to 0, and powder precursors have not been 

dissolved entirely in solutions if the turbidity value is measured closer to 1000 [13]. In addition, 

gel formation is affected by the pH value of the solutions and the pH value ought to be regarded 

during solution preparation. In this work, turbidity and pH values of the prepared solution were 

found as 0.36 ntu and 1.19, respectively, meaning that the precursors were dissolved very well in 

the solution and the solution showed acidic characteristics forming a branched structure during the 

gelation process.  

 

DTA-TG analysis was applied to the Ca2.8Pr0.2Co4O9 powders dried at 200 °C for 2 h in air with a 

heating rate of 10 °C per minute in air atmosphere until 900 °C and the results are shown in Fig. 1. 

Endothermic and exothermic reactions occur at the temperature range of 270 °C and 480 °C with 

reference to DTA curve in the figure. Exothermic peak between 270 °C and 300 is related to 
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burning out of organic residuals containing C based materials. At the same temperature interval, a 

weight loss of 10% is stated from TG curve due to removal of organic groups. Endothermic peak 

between temperatures of 440 °C and 480 °C is regarded to oxidation of Ca, Pr, and Co. A significant 

weight loss of approximately 30% on the TG curve is observed due to these peaks. Phase formation 

of Ca2.8Pr0.2Co4O9 starts after 480 °C according to the DTA curve and small weight losses were 

observed depending on the phase formation. 

 

 
 

Fig. 1. DTA and TG curves of Ca2.8Pr0.2Co4O9 powders dried at 200 °C in air. 

 

XRD pattern of Ca2.8Pr0.2Co4O9 powders manufactured by sol-gel method is shown in Fig. 2. 

Formation of crystalline structure for Ca2.8Pr0.2Co4O9 particles was depicted with sharp diffraction 

peaks. 2θ peaks at 16.54°, 24.86°, 30.30°, 33.38°, 37.22°, 39.56°,43.46°, 48.68°, and 55.46° seen 

from the phase spectrum correspond to typical Ca3Co4O9 peaks and are agreeable with the literature 

[14]. Any other phases were not observed in the XRD detection. In addition, average crystalline 

size of Ca2.8Pr0.2Co4O9 particles were determined using the intensities of the primary peaks of 
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reflection at 2θ=33.38° by the Debye-Scherer equation [15] which is given as 𝐷 = 0.9𝜆/𝛽𝑐𝑜𝑠𝜃. 

Here, D is the average crystalline size, λ is the X-ray wavelength, β is the full width at half the 

maximum intensity, and θ is the Bragg’s diffraction angle. Average crystalline size of the 

Ca2.8Pr0.2Co4O9 particles was calculated as 27.6 nm using Debye-Scherer equation.  

 

 
 

Fig. 2. XRD spectra of Ca2.8Pr0.2Co4O9 powders calcined at 800 °C for 2 h in air. 

 

A wide scan XPS spectra of Ca2.8Pr0.2Co4O9 powders was evaluated within the range of 0-1350 eV 

with an energy step size of 1.0 eV. According to in Fig. 3. Sharp peaks seen in the XPS spectra 

confirm that elements of Ca, Pr, Co, and O exist within the powder sample corresponding with the 

peaks. In addition, peaks corresponding to C and Cl are also detected in the spectra. Existence of 

Cl is the result of distilled water used to dissolve the precursors and C is the result of reaction with 

CO2 in air. Table 3 gives elemental analysis and quantification of Ca2.8Pr0.2Co4O9 powders 

including binding energies (BE) in eV with their corresponding full-width at half maximum 

(FWHM). Elemental analysis from XPS shows that Ca2.8Pr0.2Co4O9 powders consist of 14.25% Ca, 

38.24% O, 7.21% Co, and 0.46% Pr. It can be noticed from the table that components of Ca 2p, O 

1s, Co 2p, and Pr 4d are formed with binding energies of 346.21 eV, 530.05 eV, 780.23 eV, and 

115.81 eV, respectively. Although effect of Pr doping cannot be detected in the XRD pattern, 

presence of Pr dopant can be detected in the XPS spectra. Hence, doping of Pr into Ca3Co4O9 was 

successfully accomplished.  
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Fig. 3. Wide survey XPS spectra of Ca2.8Pr0.2Co4O9 powders. 

 
Table 3. Elemental analysis and quantification of Ca2.8Pr0.2Co4O9 powders. 

 

Peak Position BE (eV) FWHM (eV) Area (cps eV) Amount (%) 

Ca 2p 346.21 3.368 143301.59 14.25 

O 1s 530.05 4.451 199972.85 38.24 

Co 2p 780.23 3.072 205702.10 7.21 

Pr 4d 115.81 3.811 7567.86 0.46 

 

 

Conclusions 

 

This study contains successfully synthesis and characterization of Ca2.8Pr0.2Co4O9 powders for high 

temperature thermoelectric applications using sol-gel method. Solution characteristics were 

specified with the turbidity and pH measurements exhibiting that the precursors were dissolved 

excellently in the solutions and the gelation process was victorious. As a result of thermal analysis, 

endothermic and exothermic reactions occurred at the temperature range of 270 °C and 480 °C 

with reference to DTA curve for the Ca2.8Pr0.2Co4O9 powders dried at 200 °C. At the temperature 

interval of 270 °C - 300 °C, a weight loss of 10% is stated from TG curve due to removal of organic 

groups. A significant weight loss of approximately 30% on the TG curve is observed between 440 

°C - 480 °C due to oxidation peaks of Ca, Pr, and Co. Lastly, phase formation of Ca2.8Pr0.2Co4O9 

starts after 480 °C according to the DTA curve. Formation of crystalline structure for 

Ca2.8Pr0.2Co4O9 particles was depicted with sharp diffraction peaks in the XRD pattern 
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corresponding to typical Ca3Co4O9 peaks compatible with the literature. In addition, average 

crystalline size of the Ca2.8Pr0.2Co4O9 particles was calculated as 27.6 nm using Debye-Scherer 

equation. Sharp peaks seen in the wide survey XPS spectra confirm that elements of Ca, Pr, Co, 

and O exist within the powder sample. Although effect of Pr doping cannot be detected in the XRD 

pattern, presence of Pr dopant can be detected in the XPS spectra. Hence, doping of Pr into 

Ca3Co4O9 was successfully accomplished.  
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