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Solid oxide fuel cells with their advantages such as high efficiency are now considered as 
efficient power generation equipment. Because of its proton conductivity, perovskite is used in 
ceramic fuel cell electrolyte, and the addition of dopant can improve its proton conductivity. In 
this research, BaZr0.8-xSrxY0.2O3 (x=0, 0.05, 0.1, and 0.15) perovskites were synthesized by gel-
combustion method. Barium nitrate, zirconium nitrate, yttrium nitrate, and strontium nitrate 
were used as raw materials. Based on DTA and TGA analyses, the required temperature for 
calcination was determined to be around 1000 °C. XRD and FTIR analyses were used to 
identify the phases. The synthesis was carried out under different conditions and the effects of 
pH and dopant percentage on the morphology and size of the particles were investigated by 
FESEM. The sintering process was completed at different temperatures and a relative density 
of 94% was obtained at 1470 °C. 
© 2023 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Fuel cells work like batteries, but unlike batteries, as long as fuel is 
supplied to them, they do not fail and do not need to be recharged [1, 
2]. Fuel cells convert the chemical potential of hydrogen into electrical 
energy and its by-product is water and heat [3–5]. Solid oxide fuel cells 
are one of the most efficient devices that have been proposed so far for 
the direct conversion of chemical energy into electrical energy [6–8]. A 
new type of fuel cell has the ability to pass hydrogen ions, which is 
called “proton-conducting solid oxide fuel cell” and is based on a 
ceramic electrolyte material that conducts protons [9, 10]. 
After research conducted by Iwahara et al. [11] in 1981, the ability of 
proton-conducting in perovskites, a large family among oxide 
compounds with the general formula of ABO3, was reported based on 
SrCeO3. Later, in 1996, Iwahara [12] investigated the proton 
conductivity of a number of perovskite compounds and reported the 
high proton conductivity of barium-based perovskite compounds. 
Shortly after, in 1999, Kreuer [13] scrutinized the proton conduction 
mechanisms  in  BaZrO3 and  BaCeO3  perovskites,  which  show  good 

 
proton conduction, and proposed some mechanisms. Further, a lot of 
research was done on BaZrO3 and BaCeO3 perovskite compounds and 
it was found that although the proton conductivity of BaCeO3 is higher 
than BaZrO3, the chemical stability of BaZrO3 is much higher [14–18]. 
In order to achieve an electrolyte with acceptable proton conductivity 
and chemical stability, many research works are being carried out. 
Proton conductivity and chemical stability of the compositions  
BaCe0.8-xZrxY0.2O3-δ (0<x<0.8) were investigated and it was determined 
that with increasing the amount of x, the chemical stability of the 
composition increases and finally, the BaCe0.3Zr0.5Y0.2O3-δ compound 
was introduced a suitable candidate for use in proton-conducting 
ceramic fuel cell electrolytes [19]. In addition, BaCe0.9-xZrxY0.1O3-δ 
(0<x<0.9) compositions were studied and BaCe0.3Zr0.6Y0.1O3-δ 
compound was disclosed as a composition with high chemical stability 
and acceptable proton conductivity [20]. Also, the chemical stability 
and proton conductivity of the BaCe0.45Zr0.45Sc0.1O3-δ compound were 
investigated and reported [21]. 
It was shown that the BaZr0.8Y0.2O3-δ perovskite has good chemical 
stability up to a temperature of 1250 °C [22]. In research conducted on 

https://synsint.com/index.php/synsint/article/view/153
http://www.synsint.com/
mailto:z.khakpour@merc.ac.ir
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.53063/synsint.2023.32153
https://www.synsint.org/
https://synsint.com/index.php/synsint/article/view/153
https://synsint.com/index.php/synsint/article/view/153
https://orcid.org/0000-0003-1434-7171
https://orcid.org/0000-0003-4887-7461
https://orcid.org/0000-0001-5195-0637
https://crossmark.crossref.org/dialog/?doi=10.53063/synsint.2023.32153&domain=pdf


M.R. Foroughi et al.                                                                                                   SYNTHESIS AND SINTERING 3 (2023) 132–142                                                                                                                                     133 
 

the BaCe0.8-xZrxY0.2O3-δ (0<x<0.8), it was verified that by increasing the 
amount of x, the stability of perovskite increases but its sinterability 
decreases [23]. The effects of Gd and Nb dopants on                  
BaCe0.9-xZrxM0.1O3-δ perovskites were investigated and it was shown 
that the type of dopant is effective to achieve the highest chemical 
stability [24]. The Influences of Pr, Sn, In, and Zn dopants on the 
sinterability and proton conductivity of BaZr0.8Y0.2O3-δ perovskites 
were studied and the highest proton conductivity was obtained with In 
dopant [25]. Usually, dopants are selected from the group of 
lanthanides or cations that have a valence of three. Also, if dopant is a 
rare earth element, it should not be added more than 0.2%. In choosing 
a dopant, in addition to capacity, its size is also important and effective, 
so that the greater the difference in the size of the radius, the lower the 
tendency to substitute and the greater the tendency for the dopant to be 
interstitial. For this purpose, cations with a radius close to Zr are 
selected in order to prevent interstitial placement [26, 27]. 
Various techniques have been used for the synthesis of 
perovskites [28], including solid-state (mechanical ball-milling 
[29, 30], and high energy ball-milling [31, 32]), liquid-state 
(auto-combustion [33, 34], sol-gel [35, 36], and co-precipitation 
[37–41]), and gas-state (laser ablation [42], thermal evaporation 
[43], molecular beam epitaxy [44], chemical vapor deposition 
[45], magnetron sputtering [46], DC sputtering [47], and 
electron beam evaporation [48]) methods. 
In addition to the above-mentioned extensive research that has been 
published about the synthesis of perovskites, due to the low 
sinterability of BaZrO3, several research studies have also been 
conducted to overcome this problem [49–52]. For instance, the 
BaZr0.8Y0.2O3-δ perovskite was sintered at a temperature of 1670 °C for 
24 h, and the relative density was reached to about 97% [53]. Among 
the other activities carried out to achieve high density at minimum 
sintering temperature and time, the BaZr0.8Y0.2O3-δ perovskite was 
sintered by the spark plasma sintering, but the graphite phase was 
observed in the perovskite structure [54]. It is worth mentioning that 
dopants and additives have an important role in the sintering of oxide 
ceramics and their characteristics [55–59]. 
In this paper, BaZr0.8-xSrxY0.2O3 (x=0, 0.05, 0.1, and 0.15) perovskites 
are synthesized by the gel-combustion method and then sintered at 
different temperatures. Characterizations are carried out using several 
analyses such as XRD, DTA, TGA, FTIR, and FESEM, and the effects 
of pH and Sr dopant percentage on the morphology and size of the 
particles are studied.  

 Experimental procedure 2.

2.1. Materials and methods 

In this research, the synthesis of perovskite was carried out by the gel-
combustion method. Also, samples with strontium dopant, which 
replaces zirconium in the perovskite structure, were synthesized. In 
Table 1, the used raw materials are presented, and it should be noted 
that their high purity is important and necessary in the synthesis 
process. 
To carry out the synthesis process, first, the stoichiometric molar ratios 
of each of the raw materials were calculated to reach the desired 
perovskite composition. Nitrate raw materials were dissolved in double 
distilled water with calculated stoichiometric molar ratios. The lower 
the amount of distilled water added, the less the problems of drying  the 

Table 1. Specifications of raw materials. 

Material Chemical 
formula 

Purity 
(%) 

Supplier 

Zirconium nitrate ZrO(NO₃)₂.xH₂O 99.9 Sigma-Aldrich (USA) 

Barium nitrate Ba(NO₃)₂ 99.9 Merck (Germany) 

Yttrium nitrate Y(NO₃)₃.6H₂O 99.9 Merck (Germany) 

Strontium nitrate Sr(NO₃)₂ 99.9 Merck (Germany) 

Citric acid C₆H₈O₇ 25 Merck (Germany) 

Ammonia NH₃ 25 Merck (Germany) 

 
final gel and the less time it takes to dry the gel. Since metal salts easily 
dissolve in water, nitrate raw materials were used. 
After dissolving each powder in distilled water separately, they were 
placed on a hot plate with a magnetic stirrer for 30 min at a temperature 
of 70 °C until the solution became completely clear. After the raw 
materials were completely dissolved in distilled water, they were added 
together and completely dissolved at 70 °C for 30 min. Then citric acid 
was dissolved in double distilled water and added to the solution. By 
adding acid to the solution, the pH decreased drastically and became 
almost 0.8. When the solution is acidic, barium precipitates and 
separates from the solution. The separation of barium from the solution 
and its removal from the formed complex causes the BaZrO3 phase to 
not be completely formed, and as a result, in addition to removed 
barium, zirconium, and yttrium are also removed from the compound 
in the same molar amount. In order to prevent the precipitation of 
barium, pH should be controlled; hence, ammonia was used to increase 
the pH of the solution.  
The synthesis process was carried out in different pH conditions to 
compare the results and select the optimal conditions. For this purpose, 
four synthesis tests were conducted at pH 0.8 without adding ammonia, 
as  well  as  pH  8,   10,  and  12  with  adding  ammonia.  After  adding 

Table 2. The coding/naming of synthesized samples in different 
conditions. 

Sample 
code 

Molar ratio 
of cations to 
citric acid 

pH Composition Remarks 

A 1:2 8 BaZr0.8Y0.2O3 NH3 was 
added. 

B 1.1:5 8 BaZr0.8Y0.2O3 NH3 was 
added. 

C 1:2 0.8 BaZr0.8Y0.2O3 NH3 was not 
added. 

D 1:2 10 BaZr0.8Y0.2O3 NH3 was 
added. 

E 1:2 12 BaZr0.8Y0.2O3 NH3 was 
added. 

F 1:2 10 BaZr0.75Sr0.05Y0.2O3 NH3 and Sr 
were added. 

G 1:2 10 BaZr0.7Sr0.1Y0.2O3 NH3 and Sr 
were added. 

H 1:2 10 BaZr0.65Sr0.15Y0.2O3 NH3 and Sr 
were added. 
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ammonia and controlling pH, each solution was stirred for 24 h at    
100 °C to form the complex. With the passage of time and the release 
of water, the gel was formed, which was dried by placing in a dryer at 
150 °C for 24 h to produce the powder. The synthesis was performed 
with different proportions of citric acid i.e., in two molar ratios of total 
cations to citric acid of 1.1:5 and 1:2. According to the synthesis 
parameters, pH and citric acid ratio, the names of the studied samples 
are based on Table 2. After synthesizing the sample and drying the 
obtained gel, a black powder was produced, which turned white after 
calcination. The powder calcination process was carried out at 
temperatures of 1000, 1100, and 1200 °C with a heating rate of            
10 °C/min for 2 h. To name the samples, numbers 1 to 4 were used 
after the code of each sample so that in front of the codes, number 1 
before calcination, number 2 after calcination at 1000 °C, number 3 
after calcination at 1100 °C, and number 4 after calcination at 1200 °C 
was placed.  
After calcination of the powders, pellets were prepared by uniaxial 
pressing, and carboxymethyl cellulose glue (7 wt%) was used for 
granulation to improve the strength of the pellets. Actually, after the 
complete mixing of glue and powder and 24 hours of holding time, the 
formed granules were ready to press. The pressing was done in a mold 
with a diameter of 10 mm and an applied pressure of 200 MPa. The 
thickness of the obtained pellets was ~3 mm, and after drying in an 
oven at 150 °C for 24 h, they were ready for sintering. The sintering 
process was carried out in the box furnace (Exciton Azar 1250) at 
temperatures of 1300, 1400, and 1470 °C for 6 h with a heating rate of  
5 °C/min to clarify the effect of sintering temperature on the final 
properties. 

2.2. Characterization 

An Olympus BX61 light microscope was used to observe the powder 
size. To investigate the thermal behavior of the powders, a 
simultaneous thermal analysis (STA: PL-STA-1640) device was used. 
For phase analysis, an XRD facility (Philips DW-3710) was employed 
using CuKα radiation with a wavelength of 1.5404 Å for all 
experiments. The time-per-step was 1 s, the step size was 0.02 degrees, 

and the scanning range was between 20 and 80 degrees. A Cambridge 
S360 (SEM) and a Mira3 Tescan (FESEM) were used to characterize 
the microstructures of powders and samples. To prepare the sample for 
microscopic examination, some of the powder was dispersed in 
deionized water. Then, a drop of it was placed on a microscope slide 
and after drying, its surface was coated with gold. The surface of the 
sintered pellets was also prepared for SEM observation using 
sandpapers (No. 1000, 1200, 1500, and 2000) for polishing and then 
coating with a layer of gold. For Fourier transform-infrared (FTIR) 
spectroscopy, a Perkin Elmer spectrum RX1 device was used in the 
wave number range of 400–4000 cm-1. The density of sintered samples 
was calculated by Archimedes’ method. 

 Results and discussion 3.

First, the synthesis of sample A (based on the conditions mentioned in 
Table 2) was done. After drying the synthesized powder, simultaneous 
thermal analysis was performed to select the minimum calcination 
temperature, the results of which can be seen in Fig. 1. According to 
the changes in the slope of the thermogravimetric (TG) diagram, black 
color, and the critical points in the differential thermal analysis (DTA) 
curve, red color, it is concluded that in the temperature range of           
0–200 °C, physical water is absorbed, and structural water evaporates. 
The endothermic peak in the temperature range of 200–250 °C 
indicates the release of NOx compounds (approximate temperature    
210 °C). In the range of 250–470 °C, two exothermic peaks can be seen 
as a result of the decomposition of oxides. About 70% of weight loss 
occurs in this temperature range. In the range of 470–700 °C, 
decomposition of carbonate materials takes place. At the temperature 
of 560 °C, perovskite crystallization (exothermic peak) takes place. In 
the range of 700–1150 °C, carbonates continue to decompose. After the 
temperature of 1000 °C, the slope of the TG diagram is almost 
constant, and no weight loss is observed. The selected calcination 
temperature is chosen higher than this temperature by interpreting the 
STA results. Therefore, according to the stability of the slope of the 
thermogravimetric diagram after the temperature of 1000 °C, this 
temperature is selected for calcination of the sample.  

Fig. 1. STA results of synthesized sample A. 
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The results of XRD analysis on sample A (before and after calcination 
at 1000 °C for 2 h) are shown in Fig. 2. As expected after the synthesis 
by gel-combustion method, no peaks related to crystallinity can be seen 
in the XRD spectrum because the powder is amorphous. The results of 
the STA test (Fig. 1) also confirmed that crystallization takes place at a 
temperature of about 560 °C. Therefore, the powder that has been 
heated to a temperature of 150 °C has not yet crystallized. However, 
after calcination at 1000 °C, some crystalline peaks attributed to 
perovskite phase BaZr0.8Y0.2O3 (BZY) were revealed. Several peaks 
belonging to the barium carbonate (BaCO3) were also detected. 

To reconfirm the BaCO3 phase observed in the XRD analysis, the FTIR 
test was also taken. Fig. 3 shows the results of sample A after 
calcination at 1000 °C. By comparing the wave numbers reported in the 
literature [60], it is seen that the values are almost the same.  
The temperature range of decomposition of barium carbonate is 1050–
1150 °C [61]. Therefore, this phase does not disappear at the 
calcination temperature of 1000 °C. Hence, it is necessary to increase 
the calcination temperature. For this purpose, the calcination of the 
sample was also done at the temperatures of 1100 and 1200 °C, and the 
results obtained from the XRD test can be seen in Fig. 4. As can be 

Fig. 2. XRD results of sample A1 (before calcination) and sample A2 (after calcination at 1000 °C). 

Fig. 3. FTIR results of sample A after calcination at 1000 °C. 
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seen, when the calcination is done at 1100 °C, the number of BaCO3 
peaks decreases, but this phase is still observed. If calcination is 
performed at 1200 °C, only perovskite peaks are identified, and no 
trace of barium carbonate is detected.  
According to the used raw materials, the only source of carbon supply 
for the formation of barium carbonate is citric acid. The presence of 
citric acid is also necessary for the formation of a complex. The 
synthesis process of sample B was done with a lower proportion of 

citric acid in order to investigate the effect of reducing the amount of 
citric acid in the formation of the barium carbonate phase. In Fig. 5, the 
results obtained from the XRD analysis of B samples can be seen. In 
the XRD spectrum before calcination, crystalline peaks are observed. 
Since perovskite crystallization takes place at about 560 °C, therefore, 
the observed peaks cannot be related to this phase. In synthesized 
sample B, unwanted intermediate phases of barium carbonate and 
unreacted raw materials of barium nitrate are observed. After 

Fig. 4. XRD results of samples A3 and A4 after calcination at 1100 and 1200 °C, respectively. 

Fig. 5. XRD results of sample B1 (before calcination) and sample B3 (after calcination at 1100 °C). 
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calcination at 1100 °C, the peaks of barium carbonate phase are still 
detected by the XRD analysis. Therefore, it can be said that by 
reducing the amount of citric acid, the formation of the barium 
carbonate phase cannot be prevented, and the only way to remove this 
phase seems to be calcination at 1200 °C.  
After investigating the effect of the amount of citric acid, the value of 
pH is studied. First, for the synthesis of sample C, ammonia was not 
added to avoid changing the pH of the solution. The pH of the solution 
was approximately 0.8 using. Fig. 6 shows the results obtained from 

the XRD analysis of samples C. If the synthesis is done at low pH, the 
crystalline peaks corresponding to the barium nitrate phase are 
identified. Due to the low pH, there is no necessary adhesion between 
the Ba2+ ions, therefore, unreacted barium nitrate is seen. Even after 
calcination at 1100 °C, traces of barium carbonate can be observed.  
In the synthesis of samples D and E, the pH of the solutions is 
increased to 10 and 12, respectively, by adding ammonia. The results 
obtained from XRD analysis on samples D and E can be seen in Figs. 7 
and 8, respectively. After the synthesis of sample D at the calcination 

Fig. 6. XRD results of sample C1 (before calcination) and sample C3 (after calcination at 1100 °C). 

Fig. 7. XRD results of sample D3 (after calcination at 1100 °C) and sample D4 (after calcination at 1200 °C). 
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temperature of 1100 °C, the peaks related to the barium carbonate are 
observed, but at the calcination temperature of 1200 °C, only the peaks 
of the perovskite phase are detected. After the synthesis of sample E at 
the calcination temperature of 1100 °C, peaks related to barium 
carbonate can also be seen. At the calcination temperature of 1200 °C, 
although the peaks attributed to barium carbonate are removed, a peak 
related to yttrium oxide appears. This observation shows that not only 
barium compounds are precipitated from the solution at low pH, but 
also the yttrium oxide phase is separated at high pH, so the pure 
perovskite phase is no longer obtained.  
FESEM was used to observe the morphology and particle size of some 

synthesized powders, which are shown in Fig. 9. From these nano-scale 
images, it can be concluded that with increasing pH, the average size of 
powder particles increases.  
According to the results of XRD and FESEM analyses, the next 
samples were produced at the ρH of 10. To observe the effect of 
strontium dopant, new perovskites were synthesized based on the 
compounds designed in Table 2. The XRD results of samples F, G, and 
H are shown in Fig. 10 and the FESEM image of the synthesized 
powder of sample G4 is presented in Fig. 11. As known from the 
synthesis of sample H, when the amount of strontium dopant is         
0.15 mol%, the peaks related to the yttrium oxide appear. In the 

a) b) c)  

Fig. 9. FESEM images of the synthesized powders after calcination at 1200 °C: a) sample A4 (pH: 8), b) sample D4 (pH: 10),                                              
and c) sample E4 (pH: 12). 

Fig. 8. XRD results of sample E3 (after calcination at 1100 °C) and sample E4 (after calcination at 1200 °C). 
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synthesis of samples F (doped with 0.05 mol% Sr) and G (doped with 
0.1 mol% Sr), only peaks attributed to the perovskite phase are evident. 
Increasing the pH increases the rate of the reaction and finally the 
released heat increases. Therefore, in conditions where the pH of the 
solution is high, it leads to the formation of intermediate phases. In the 
synthesis of sample H with a pH of 12, the phase of yttrium oxide is 
seen. From the comparison of FESEM images in Figs. 9 and 11, it can 
be concluded that by adding the Sr dopant, the average size of the 
synthesized powder particles increases.  

After calcination and tablet preparation, the sintering process             
was carried out at the temperatures of 1300, 1400, and 1470 °C for         
6 h with a heating rate of 5 °C/min. In Table 3, the relative           
density obtained after sintering at each temperature for                 
various perovskite compounds is reported. As it can be                  
clearly recognized, with the increase of the sintering temperature,         
the final density increases. At the temperature of 1470 °C,                     
a relative density of 94.2% was obtained in the BaZr0.8Y0.2O3          

sample. In all selected temperatures for sintering, the density              
has decreased with the increase in the amount of strontium dopant.     
The SEM images of the samples sintered at 1470 °C are shown in     
Fig. 12. By increasing the amount of Sr dopant, the average         
particle size increases. It seems that in sample H4, the size of      
particles is below 500 nm, while particles with size below 200 nm      
are observed in sample D4.  
 
 
 

Table 3. Relative densities of samples with different compositions and 
sintering temperatures. 

Composition 
Sintering temperature 

1300 °C 1400 °C 1470 °C 

BaZr0.8Y0.2O3 83.9% 90.1% 94.2% 

BaZr0.75Sr0.05Y0.2O3 83.1% 88.8% 94.0% 

BaZr0.7Sr0.1Y0.2O3 83.1% 88.7% 93.6% 

BaZr0.65Sr0.15Y0.2O3 82.4% 86.4% 93.5% 

Fig. 10. XRD results of samples F, G, and H (after calcination at 1200 °C). 

Fig. 11. FESEM image of the synthesized Sr-doped G4 sample 
powders (after calcination at 1200 °C). 



140                   SYNTHESIS AND SINTERING 3 (2023) 132–142 M.R. Foroughi et al. 

 

 Conclusions 4.

In this research, several perovskite compounds were synthesized. For 
this purpose, the solution containing nitrate-citrate ions was turned into 
spongy ash via a combustion reaction and after turning into a gel with 
high viscosity, which finally led to the formation of nano powder. The 
XRD pattern of sample A before calcination showed an amorphous 
phase, but crystalline peaks were observed in samples B and C before 
calcination. In sample B, unwanted intermediate phases and unreacted 
raw materials were observed. Moreover, due to the low pH in sample 
C, there was no adhesion for Ba2+, and hence, unreacted raw materials 
were seen. Barium carbonate was observed in the XRD results of all 
samples processed under different conditions up to the calcination 
temperature of 1100 °C, and the only way to eliminate that phase was 
to increase the calcination temperature. In the XRD pattern of the 
sample synthesized at pH of 12 at the calcination temperature of     
1200 °C, the yttrium oxide phase was identified. Increasing pH 
enhanced the reaction rate and released heat, which led to the formation 
of intermediate phases. In the conditions where the amount of Sr 
dopant increased to 0.15 mol%, peaks related to yttrium oxide were 
detected in the XRD pattern after calcination at 1200 °C. In addition, 
with the increase of dopant, the crystallite size increased. By increasing 
the amount of Sr dopant, the average particle size in the sintered 
samples increased. 
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