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Abstract
Solar energy could be combined with other green energy generation systems such as solid oxide fuel cells for more 
efficient energy conversion. CeO2 is amongst materials that are promising for fabricating the electrolyte of solid oxide 
fuel cells. The present paper illustrates the synthesis of Na, Ca, Sr and Sm co-doped and triple-doped into Ce sites 
of CeO2 system through a sol gel procedure. It could be speculated that substitution of Ce with single or de-valance 
elements would enhance the ion-exchange mechanism in CeO2 electrolyte of a solid oxide fuel cell. The phase structure 
of the sintered materials is analyzed using powder x-ray diffraction pattern. The lattice constant of the co-doped and 
triple-doped-CeO2 materials is refined for all the samples. The obtained results confirm the successful insertion of 
dopants into Ce sites. The microstructure characterization and elemental analysis is performed for all the samples via 
a field emission scanning electron microscope and the energy dispersive x-ray spectroscopy techniques, respectively.
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1. Introduction
Green energy generation using environmentally safe and reliable 
technologies such as fuel cells, solar calls, thermoelectric effects 
and wind turbines is increasingly received great attention from 
both research and industry aspects. Without any pre-combustion, a 
solid oxide fuel cell (SOFC) integrates the oxidized hydrogen and/
or natural gas on the anode and the reduced oxygen on the cathode 
using electrolyte component through electrochemical processes to 
produce energy and heat [1,2].

A SOFC could also be combined with other energy resources such 
as solar energy to construct a multifunctional system with higher 
energy conversion efficiency [3]. In addition, SOFC technology is 
found reliable especially due to fuel flexibility and promising for 
efficient energy conversion even at temperatures lower than 650oC 
[4,5,6]. However, further development for SOFCs is required to 
become efficient as compared with other energy resources such 

as traditional fossil fuels [7]. A typical SOFC is integrated from 
anode, cathode, and electrolyte and interconnect components. 
Great ongoing interdisciplinary research interests are attracted by 
all the components aiming to enhance the performance efficiency 
of SOFC [8-14].   

To be compatible with other components, all the components 
required to fulfill some particular physical, electrochemical and 
mechanical criteria [1]. For an instance, potential electrolyte 
materials need to fulfill qualities such as displaying high ionic 
conductivity, suitable gas tightness for separating air and fuel gas, 
chemical stability, thermal shock resistance and thermal expansion 
compatibility with electrodes and interconnect materials [15, 16]. 
Yttria-stabilized zirconia (YSZ) and CeO2 materials are commonly 
studied as electrolyte of SOFCs [17-21].Various synthesis 
procedures of CeO2 materials are reported in literatures [22-28]. 
In addition, different strategies including cerium site doping via 
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appropriate elements are adopted to enhance its properties as ion-
exchanger interface [16,20,23,29]. In this work, we have used 
a sol gel method to synthesize co-doped and triple-doped CeO2 
materials.

2. Experimental
The starting chemicals including Ce(NO3)3.6H2O (98.5%), 
Sr(NO3)2 (99%), CaCO3(99%), Sm2O3 (99.9%), Ethylenedi-
aminetetraacetic acid, disodium salt dihydrate (EDTA, C10H-
14N2O8.2Na.2H2O), citric acid (C6H8O7, 99%), NH3 (30%) and 
Deionized-water (Di- water) were used for synthesizing doped 
CeO2 materials using a sol gel procedure. In the reaction, 1mmol 
of Ce(NO3)3.6H2O and 1 mmol of EDTA was dissolved into suf-
ficient amount of Di-water via stirring on a hot plate stirrer. All 
the other chemicals were separately dissolved into Di-water. Note-
worthy the total amount of 310 mL Di-water was consumed for 
Sm free samples, while for the samples that contained Sm, 280 
mL of Di-water was consumed. The obtained solutions were added 
dropwise to the EDTA solution, while being stirred at room tem-
perature. It is worth of mention that the pH values were raised via 
sequentially adding NH3 to the solution. The pH value of all the 
solutions was adjusted to 8.5. 

Then, the temperature was raised to 85oC and stirring was continued 
until the precipitate became highly viscose. The stirring speed was 
initially set to 1000 rpm and decreased sequentially to 700 rpm 
upon raising the viscosity of the gel. The obtained clay was then 
kept on the same hot plate and heated up toabout170oC for further 
drying. At higher ratio of citrate to nitrate (usually 0.5- 0.7), the gel 
would swell and burn during the drying procedure; it is commonly 
known as auto combustion process [22, 30]. We observed that the 
gel would only swell without any auto combustion when the citrate 
to nitrate ratio was about 0.3. During the initial steps of the present 
reactions the ratio is set to 0.3. The dried clay was then collected 
and was partially ground using an agate mortar. 

To get more homogeneous particles, the powder was transferred 
into a ball mill apparatus and milled for 5h. The obtained powder 
was then collected and heated up to 700oC with the rate of 1oC/min 
into an alumina cup and kept at this temperature for 4h. The obtained 
powder was then cold pressed into pellets at 1100 psi and in turn 
was sintered at 1400oC for 4h inside a box furnace with the heating 
rate of 2.2oC/min. The crystal structure of as-synthesized materials 
was examined using powder x- ray diffraction (XRD) pattern 
(X’Pert, Philips) equipped with cobalt radiation source (Cokα). 

The micromorphology of the sintered samples was investigated 
using a field emission scanning electron microscope (FE-SEM) 
technique (TeScan, MIRA II LMU). The energy dispersive x-ray 
spectroscopy (EDS) was used for elemental analysis of the title 
samples using the same apparatus. The lattice constant of the 
doped CeO2 was refined from the obtained XRD data.

3. Results and Discussion
The XRD of the samples that were sintered at 1400oC for 4h in air. 
The patterns labeled with
(a)and(b) demonstrate XRDof Ce0.9385Na0.0015Ca0.05Sr0.01O2 and 
Ce0.9285Na0.0015Ca0.05Sr0.02O2 samples that have illustrated pure 
phase of CeO2 structure, space group Fm3m (225). The XRD 
patterns that are labeled with (c) and (d) demonstrate the crystal 
structure of Ce0.8478Na0.0022Sm0.15O2 and Ce0.7978Na0.0022Sm0.20O2 
samples, respectively. For further identification, the XRD 
patterns are extended in the vicinity of 2θ= 39 degrees, as shown 
in Fig (1). The relative peak shift is apparent which could be 
attributed to the insertion of dopants into the cerium sites of 
CeO2 system. As the inset illustrates, the peaks are shifted to 
lower angles in a systematic trend of increasing the concentration 
of Sr and Sm dopants. Apparently, the maximum peak shift is 
occurred for Ce0.7978Na0.0022Sm0.20O2 sample, while the peaks of 
Ce0.9385Na0.0015Ca0.05Sr0.01O2 are shifted the least, which agrees with 
the total doping contents of each sample.

The CeO2 peaks are indexed using miller indices (hkl). There 
coexists impurity phase of SmAlO3 system in the pattern of Na 
and Sm co-doped CeO2 (highlighted by asterisk) samples. The 
SmAlO3 impurity phase is arisen from the reaction of Al and Sm 
elements at high temperatures. The Al element might have been 
extracted from the Alumina cup (Al2O3) in which the samples were 
loaded for sintering. This could have led some structural Ce site 
deficiencies, which would affect the physical properties of the co-
doped CeO2 materials.

However, the influence of SmAlO3 impurity on the desired 
physical properties could be important. It could be speculated 
that substitution of Ce with single or de-valance elements would 
enhance the ion-exchange mechanism in CeO2 electrolyte of a 
SOFC as a result of created structural pathways in due to oxygen 
deficiencies [5, 16]. The most intense peak of SmAlO3 phase 
isoccurred around 2θ= 39.6o. Apparently, the intensity of the 
impurity peaks is enlarged upon increasing the Sm content, as 
shown in Figure 1.
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The FE-SEM from the surface of the co-doped and triple-doped 
CeO2 samples sintered at 1400oC were performed. The porous 
structure is apparent from the micrographs. The particle size ranges 
approximately between 500 nm and 6 µm for all the samples. 
In addition, there exist some randomly distributed nanosized 

particles (about 50 nm) on the grains of the microsized particles of 
those triple-doped CeO2 samples. These nanosized particles could 
efficiently affect the physical properties of the material, as shown 
in Figure 3.
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4. Conclusion
CeO2 was co-doped and triple-doped via various elements including 
Na, Ca, Sr and Sm through a sol gel procedure. The fabrication 
of pure phases of Na, Ca and Sr triply-doped CeO2 system is 

confirmed via XRD analysis. For the Na and Sm co-doped samples, 
the impurity phase of SmAlO3 is observed in the XRD pattern. 
The formation of SmAlO3 phase is attributed to the extracted Al 
element from the structure of Alumina cup at high temperatures. 
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The results of lattice constant refinement show it is enlarged for 
all the samples except that of Ce0.9385Na0.0015Ca0.05Sr0.01O2. The 
enlargement of the lattice constant is attributed to the larger 
ionic radius of the present dopants than that of Ce4+. The typical 
elemental analysis using EDX confirms the coexistences of Na, 
Ca, Sr, Ce and O elements in the material, as expected.
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