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Abstract. The preparation of nano-sized BaCeO3 powder using starch as a polymerization 

agent is described herein. Phase evolution during the decomposition process of a (BaCe)-gel 

was monitored by XRD. A phase-pure nano-sized BaCeO3 powder was obtained after 

calcining of the (BaCe)-gel at 920 °C. The resulting powder has a specific surface area of 15.4 

m
2
/g. TEM investigations reveal particles mainly in the size range of 30 to 65 nm. The 

shrinkage and sintering behaviour of resulting powder compacts were studied in comparison 

to a coarse-grained mixed-oxide BaCeO3 powder (SBET = 2.1 m
2
/g). Dilatometric 

measurements show that the beginning of shrinkage of compacts from the nano-sized powder 
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is downshifted by 300 °C compared to mixed-oxide powder. Compacts from the nano-sized 

powder reach a relative density of 91 % after sintering at 1450 °C for 10 h.  
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1. Introduction 

Perovskite materials based on BaCeO3 possess high proton conductivity in humid 

atmospheres between 600 and 800 °C. Therefore, BaCeO3 based compounds have potential 

for energy-related applications and they are candidates as electrolyte materials for solid oxide 

fuel cells (SOFCs) [1,2,3,4,5,6,7]. BaCeO3 based materials are unstable in CO2 and H2O 

containing atmospheres [8,9], which limits the applications for SOFCs. However, Katahira et 

al. [4] improved the chemical stability in a CO2 environment using Zr
4+

 as dopant. An 

enhanced chemical stability against CO2 and water was found both in the systems 

BaCe0.7Nb0.1Sm0.2O3−δ [10] and BaIn0.1Y0.2Ce0.7O3−δ [11]. 

Furthermore, barium cerate can be also applied as a functional material for semiconductor gas 

sensors [12] and solid solutions of the type BaTi1-xCexO3 can be used for capacitor 

applications [13,14,15,16,17]. 

Catalytic activity of BaCeO3 on the oxidation of methane was investigated by Benlhachemi et 

al. [18] and Popescu et al. [19]. A BaCeO3 supported ruthenium catalyst shows excellent 

activity for ammonia synthesis as reported by Yang et al. [20]. Additionally, soot oxidation 

activity and an improved tolerance to SO2 poisoning were found on an Ag/BaCeO3 catalyst 

[21]. Yuan et al. [22] examined the photocatalytic water splitting properties of BaCeO3.  

BaCeO3 crystallizes in the perovskite structure and exhibits three phase transitions up to 1000 

°C as reported by Knight [23] and Genet et al. [24]. A first transition at 290 °C leads from a 
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primitive orthorhombic perovskite structure (space group: Pmcn) to the body-centred one 

(Incn), a second at 400 °C to a rhombohedrally distorted one (R3 c) and the last transition at 

900 °C to the cubic perovskite structure (Pm3 m).  

Compacts on the basis of BaCeO3 generally reveal only a moderate densification behaviour 

[4,25]. For application such as capacitors or in SOFCs the density of the ceramics must be 

high [26,27,28,29,30,31]. On the other hand, sintering temperatures above 1500 °C should be 

avoided because BaCeO3 melts incongruently at 1480 °C ± 5 °C with the formation of CeO2 

and a liquid containing BaO [5,32].  

In general, powders with high specific surface areas can improve the catalytic activity, the 

densification behaviour of compacts, and lead to ceramic bodies with a fine-grained 

microstructure [33,34,35]. Kim et al. [36] reported on the effect of fine- and coarse-grained 

BaCeO3 on the microstructure and the critical current density of a melt-textured 

YBa2Cu3O7−y. Since the mixed-oxide method mostly results in coarse-grained powders some 

wet chemical syntheses have been developed to obtain fine-grained or nano-scaled BaCeO3 

powders such as various precursor complex methods, solvothermal- and sol-gel syntheses 

[29,37,38,39,40,41,42]. Nano-sized powders via Pechini based routes are reported by Lee at 

al. [43], Osman et al. [44] and Su et al. [45]. A hydrothermal process using urotropine [46], a 

sol-gel combustion [47] and an acrylate hydrogelation method [48] lead also to nano-BaCeO3 

powders. Almost all of those preparation methods use Ce
3+

-compounds as starting materials 

to obtain BaCeO3. On the other hand, it seem to be advantageous to use Ce
4+

-based starting 

materials to synthesize BaTi1-xCexO3 solid solutions by wet chemical methods [49]. 

The aim of this paper is to describe a simple and cheap one-pot synthetic route starting from a 

Ce
4+

-compound and using starch as a polymerization agent to obtain nano-sized BaCeO3. We 

use starch because of its eco friendly character and is a cheap abundant biopolymer. We have 

examined the phase evolution during the decomposition process. The shrinkage behaviour of 

resulting BaCeO3 compacts has also been determined. 
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2. Experimental 

2.1. Material preparation 

Ba(CH3COO)2 (0.01 mol, Merck) and (NH4)2Ce(NO3)6 (0.01 mol, Alfa Aesar) were separately 

dissolved in 20 ml water. 6 g soluble starch (M = 324.30 g/mol, Sigma-Aldrich) were 

suspended under stirring in 20 ml water on a heating plate at 100 °C. After 5 min the barium 

acetate solution was added together with further 3 g starch. The mixture was stirred and after 

5−10 min the temperature of the heating plate was raised to 120 °C. Under stirring the 

(NH4)2Ce(NO3)6 solution was slowly added. The resulting mixture was stirred and heated 

until it became a high viscous orange gel. The gel turned to a light yellow after about 15 min.  

The obtained (BaCe)-gel was calcined in static air at 920 °C for 2 h by a heating rate 

controlled thermal treatment to yield a nano-sized BaCeO3 powder (1), as described below. 

Powder 1 was mixed with 5 mass% of a saturated aqueous solution of polyvinyl alcohol 

(PVA) as a pressing aid, then the powder was pressed into pellets to a green density of about 

2.6 g/cm
3
. 

For comparative purposes, a coarse-grained BaCeO3 powder (2) was prepared via a 

conventional mixed-oxide method and the resulting compacts had a green density of about 3.5 

g/cm
3 

as described and investigated elsewhere [25].  

 

2.2. Characterization 

X-ray powder diffraction (XRD) patterns were recorded on a STOE STADI MP 

diffractometer at room temperature using Co−Kα1 radiation. Powder patterns were refined 

with the profile fitting software PowderCell [50]. Crystallite sizes were determined by XRD 

line broadening using the Scherrer equation [51] and the integral peak breadth (software suite 

WinXPOW [52]). The Wilson-equation was used to determine the strain parameter [52,53]. 

Dilatometric investigations (shrinkage) were performed in a flowing synthetic air atmosphere 
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(50 ml/min) in a Setaram TMA 92-16.18 dilatometer. Simultaneous thermogravimetric (TG) 

and differential thermoanalytic (DTA) measurements were achieved in flowing air (30 

ml/min) with heating rates of 10 and 1 K/min up to 1200°C using a Netzsch STA 449 System. 

The TG/DTA measurements of the decomposition of the (BaCe)-gel was carried out on a 

sample preheated at 250 °C for 0.5 h. The specific surface area was determined using nitrogen 

three-point BET (Nova 1000, Quantachrome Corporation). The equivalent BET particle 

diameter was calculated assuming the powder particles were spherical or cubic in shape [54]. 

Transmission electron microscopy (TEM) samples were prepared by dispersing the powder in 

alcohol under ultrasonic agitation, and collecting it onto a copper TEM grid covered with a 

carbon membrane. TEM images were recorded with a Philips CM20Twin at an electron 

energy of 200 keV. 

 

3. Results and discussion 

3.1. Powder characterization 

Simultaneous TG and DTA investigations were carried out on a (BaCe)-gel preheated at 250 

°C for 0.5 h to obtain a slightly hygroscopic black powder. At a fast heating rate of 10 K/min 

(Fig. 1a) we observed a slight weight loss of 4.6 % up to 246 °C accompanied by a weak 

endothermic signal. This weight loss is caused by adsorbed water due to the storage of the 

preheated sample in ambient atmosphere. At higher temperatures a three-step decomposition 

process until 381 °C led a weight loss of 68.1 %, resulting in the formation of orthorhombic 

BaCO3 and cubic CeO2 as main products [55] (see also Fig. 2). These processes are 

accompanied by a weak exothermic DTA signal at 253 °C (onset) and two intense and sharp 

DTA peaks with onset temperatures of about 317 and 341 °C (Fig. 1b). The exothermic peaks 

at 317 and 341 °C suggest a self-combustion-like process in which the nitrate ions act as an 

oxidizing agent, the starch and the acetate ions as fuels. Between 741 and about 995 °C there 

is a last weight loss step caused by the reaction of BaCO3 and CeO2 to BaCeO3. The total 
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weight loss is 76.1 %. TG/DTA investigations with a slow heating rate of 1 K/min show that 

the beginning of the several decomposition steps is shifted to lower temperatures. The 

beginning of the self-combustion reaction is characterized by a very sharp exothermic signal 

with an onset temperature of about 282 °C and a shoulder at 299 °C. The last decomposition 

step starts at 665 °C and is finished at 880 °C. The total weight loss of 77.8 % is slightly 

higher than for the measurement with 10 K/min. The difference in the total weight losses 

between both measurements is caused by the slightly hydroscopic nature of the black 

preheated sample. In both cases the white TG/DTA residues were identified as orthorhombic 

BaCeO3. 

Fig. 2 shows the phase evolution during the thermal decomposition of the yellow amorphous 

(BaCe)-gel (Fig. 2a). For these XRD investigations the samples of the (BaCe)-gel were heated 

in a muffle furnace in static air at various temperatures for 1 h (heating rate 10 K/min) 

resulting in fluffy powders. Calcination at 300 °C, i.e. below the ignition temperature of the 

self-combustion process, yielded a black powder showing only reflections of cubic Ba(NO3)2 

[55] (Fig. 2b). The reflections of Ba(NO3)2 disappear at 400 °C and the resulting yellow 

powder reveals the diffraction patterns of orthorhombic BaCO3 and cubic CeO2 [55] (Fig. 2c). 

With increasing calcination temperature the resulting powders gradually turn into a white 

colour. Since the strongest reflection (111) at about 2θ = 33.2° of cubic CeO2 overlaps with 

the strongest reflections of orthorhombic BaCeO3 (020/211) it is difficult to determine the 

beginning of the formation of BaCeO3. A heat treatment at 900 °C shows the evolution of 

reflections at 2θ = 47.9° and 59.6° which do not belong to CeO2 indicating definitely the 

formation of BaCeO3 [55] (Fig. 2f). Decomposition at 1000 °C for 1 h leads to a powder 

revealing only reflections of orthorhombic BaCeO3 (Fig. 2g). 

According to the TG/DTA investigations the temperature for the formation of BaCeO3 

depends on the heating rate and soaking time. To obtain a phase pure nano-sized BaCeO3 

powder (see Fig. 2h) we calcined the (BaCe)-gel by the following optimised thermal 
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treatment in static air: heating to 500 °C with a heating rate of 10 K/min, slow heating with 1 

K/min to 920 °C, holding at this temperature for 2 h and cooling with 3 K/min to room 

temperature. The white fluffy powder (1) obtained by this procedure has a specific surface 

area of SBET = 15.4 m
2
/g corresponding to an equivalent particle size of 61 nm, which can be 

considered the average size of the primary particles [56]. We calculated the crystallite size of 

powder 1 as 41 nm using the Scherrer equation, representing a volume-weighted average 

crystallite size [51]. According to the Wilson-equation [53] the root-mean-square-strain was 

found to be 0.002. The calculated crystallite size is slightly smaller than the size of the 

primary particles obtained from the BET data, because the calcination procedure of the 

(BaCe)-gel leads to closely joined crystallites and surface areas unavailable for nitrogen 

adsorption, as described elsewhere [57,58]. TEM investigations (Fig. 3) of powder 1 mainly 

show particles in the range of 30 to 65 nm, which are generally agglomerated. Isolated 

particles up to about 85 nm are also observed. Recently, Bhowmick et al. [46] synthesized 

nano-BaCeO3 by a wet chemical method using urotropine. After heating at 800 °C for 10 h 

they obtained BaCeO3 with an average crystallite size of 75 nm. A combination of both 

solvothermal and annealing processes at 900 °C was reported by Chao et al. [39], which 

resulted in a BaCeO3 powder with particles of about 80 nm. 

The XRD pattern of the nano-scaled BaCeO3 powder 1 (corrected by an internal standard) 

was refined on the basis of a primitive orthorhombic unit cell (Pmcn) according to Knight et 

al. [59,23]. We calculated the unit cell parameters as a= 877.19 pm, b= 624.22 pm, c= 620.78 

pm, V= 339.91⋅10
6
 pm

3
. These lattice constants correspond well to previously reported data 

for pure BaCeO3 [59,23]. 

For comparison purposes we also investigated a coarse-grained BaCeO3 powder (2) as 

described elsewhere [25]. That powder results from a conventional mixed-oxide process at 

1150 °C for 4 h and has a specific surface area of 2.1 m
2
/g and thus an equivalent particle size 

of 449 nm. 
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3.2. Sintering behaviour and phase transition 

Fig. 4 shows the non-isothermal dilatometric investigations up to 1500 °C. Since the green 

compacts 1 (2.6 g/cm
3
) and 2 (3.5 g/cm

3
) differ in their densities the values of the relative 

shrinkage are not directly comparable. Therefore, from the relative shrinkages the evolution 

of the relative densities depending on temperature was calculated assuming an isotropic 

shrinkage of the compacts. 

Sample 1 begins to shrink at about 920−940 °C and shows a broad peak in the shrinkage rate 

curve (inset in Fig. 4) with a maximum at 1290 °C (rate: -1.0 %/min). The calculated 

densification increases up to a relative density of 85 % at 1500 °C. The shrinkage of the 

coarse-grained compact 2 starts at about 1230 °C and shows two maxima of the shrinkage rate 

at 1383 °C and at 1456 °C with lower rates of -0.22 %/min and -0.33 %/min, respectively 

[25]. The densification reaches a value of only 61 % of the relative density up to 1500 °C. The 

shrinkage rates of sample 1 and 2 indicate that the densification is dominated by sliding 

processes, because diffusion processes would have only effected the shrinkage rate by less 

than 0.1 %/min [60,61,62].  

The development of the final bulk densities of ceramic bodies of 1 and 2 after isothermal 

sintering at various temperatures with a soaking time of 10 h is represented in Fig. 5. The bulk 

densities of the sintered bodies were calculated from their weight and geometric dimensions. 

The relative bulk densities of the ceramic bodies refer to the single crystal density of 6.36 

g/cm
3
 [59]. Coarse-grained powder compacts of 2 show an insufficient sintering behaviour. 

Even after sintering at 1500 °C for 10 h we do not obtain any dense ceramic bodies but the 

relative densities remained below 77 % [25]. In contrast, compacts made from the nano-sized 

powder 1 exhibit an improved sintering behaviour. Sintering at 1450 °C (10 h dwelling time) 

leads to dense ceramic bodies with a relative bulk density of 91 %. Using the same sintering 

regime compacts made from a fine-grained BaCeO3 powder (SBET = 5.8 m
2
/g) reach up to 
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1450 °C a relative density of 83 % as reported in [25]. It is to be noted that dense ceramic 

bodies from the nano-sized powder 1 are already obtained at sintering temperatures below 

1480 °C, i.e. the peritectic temperature of BaCeO3 [32]. 

The high sintering activity of powder 1 results from its nano-scaled morphology because of 

the large amount of grain boundaries, which promote sliding processes (rearrangement). 

Sliding processes are caused by amorphous or defect-rich grain boundaries [63,62]. Dror et 

al. [64] observed that a high amount of grain boundaries promotes sliding processes and they 

described the grain boundaries as amorphous areas surrounding crystalline cores. 

 

Conclusion 

We prepared nano-sized BaCeO3 powders using a Ce
4+

-salt and starch as a polymerization 

agent. The resulting (BaCe)-gel can be decomposed by a heating-rate controlled process at 

920 °C to a phase-pure BaCeO3 powder (1) with a specific surface area of 15.4 m
2
/g and a 

crystallite size of about 41 nm. TEM images mainly show particles in the range of 30−65 nm. 

The nano-sized BaCeO3 powder shows an improved sintering behaviour. Dilatometric 

measurements of compacts reveal that the beginning of the shrinkage is shifted below 1000 

°C. Dense ceramic bodies (relative density ≥ 90 %) can be obtained after isothermal sintering 

at 1450°C (10 h) without any sintering additive. 
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