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SrCe0.9Eu0.1O3- (SCEu-SG) electrolyte was prepared via the sol-gel method at a low heat-treating 

temperature of 1100 
o
C. The transport properties of SCEu-SG are studied using gas concentration 

cells. The results indicate that the protonic conduction of SCEu-SG is good in hydrogen-containing 

atmospheres. SrCe0.9Eu0.1O3--NaCl-KCl (SCEu-SG-NK) composite electrolyte was also fabricated 

and tested at between 500-700 °C. The conductivity of SCEu-SG-NK was observed to be 1.44×10
-1

 

S·cm
-1

 in dry nitrogen at 700 °C. A maximum power density of 207 mW·cm
-2

 at 700 °C was achieved 

for the fuel cell based on the SCEu-SG-NK composite electrolyte which is much higher than that of 

single cerium strontium material, SCEu-SG (13.1 mW·cm
-2

). 
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1. INTRODUCTION 

With the advantages of high efficiency, long-term stability, fuel flexibility, and low cost, solid 

oxide fuel cells (SOFCs) are recognized as the most perspective electrochemical conversion device 

with a solid oxide or ceramic electrolyte [1-2]. The perovskite-structured oxides such as SrCeO3- and 

BaCeO3-based materials have excellent protonic conduction at high temperatures [3-5]. The SrCeO3-

based perovskite ceramics exhibit higher protonic conduction than that of BaCeO3-based perovskite 

ceramics in the high temperature range. Traditionally, the approach for the synthesis of SrCeO3-based 

electrolyte is high-temperature solid state reaction which is a simple preparation method and 

encourages the production of a large amount of powder, but a high sintering temperature is required (≥ 
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1500 
o
C) for the full densification of solid electrolyte. [6-9]. A recent study found that a novel solid 

state reaction method is used to synthesize nano-structured Ce0.8Er0.2-xLaxO1.9 and the maximum 

conductivity of Ce0.8Er0.18La0.02O1.9 solid electrolyte which sintered at the optimum temperature of 

1250°C reached 3.5×10
-2

 S·cm
-1

 at 800
 o

C [10]. In recent years, the sol-gel method has been widely 

used for the synthesis of SrCeO3-based electrolyte [4,6,11]. The sol-gel process usually takes place 

under mild reaction conditions, the reactants can be uniformly mixed at the molecular level and pure, 

homogeneous and fine perovskite powders can be obtained easily at lower temperature. 

Compared to high temperature fuel cells (HTFCs), intermediate temperature fuel cells (ITFCs) 

have generally been accepted in the commercialization of fuel cells (FCs), owing to their outstanding 

virtues such as excellent mechanical and thermal properties, high conductivity, long life and low cost 

[12-14]. Hence, novel composite electrolytes, such as ceria-carbonates or ceria-chlorides, which 

operate in an intermediate temperature range (400–700 °C) have been researched extensively [15-21]. 

In past years, SrCeO3-based oxides focused on high temperatures between 600 and 1000 °C have 

received widespread attention [6-11]. However, to the best of our knowledge, there are very few 

reports on intermediate temperature (500–700 °C) electrical properties of doped SrCeO3-inorganic salt 

composite electrolytes. SrCe0.9Yb0.1O3--NaCl-KCl composite electrolyte was found to display higher 

fuel cell performance than SrCe0.9Yb0.1O3--Li2CO3-K2CO3 and SrCe0.9Yb0.1O3--NaCl-CaCl2 

electrolytes in our previous study [22]. 

In this study, we synthesized SrCe0.9Eu0.1O3- (SCEu-SG) at a low temperature of 1100 
o
C via 

the sol-gel method. Then, SrCe0.9Eu0.1O3--NaCl-KCl (SCEu-SG-NK) composite electrolyte was 

developed. The structural and morphological properties of the electrolytes were investigated by a 

variety of characterization methods. The conduction behaviors of SCEu-SG-NK composite electrolyte 

in intermediate temperature (500–700 °C) were investigated and H2/O2 fuel cell was also tested. 

 

 

 

2. EXPERIMENT 

SrCe0.9Eu0.1O3- (SCEu-SG) electrolyte was prepared through the sol-gel method using citric 

acid as a sequestering agent. Firstly, Eu2O3 was dissolved by stirring in concentrated nitric acid and the 

stoichiometric Sr(C2H3O2)2 and (NH4)2Ce(NO3)6 were dispersed into deionized water. They were then 

added to the citric acid solution with the molar ratio of citric acid/total metal ions at 3. The solution pH 

was adjusted with NH4OH solution to 8.0 and the obtained solution was then evaporated at 90 °C for 5 

h to give a gel. The gel was dried at 120 °C for 12 h and heated for ashing treatment [4,6,11]. The 

resultant ash was calcined at 1100 °C for 5 h to obtain SCEu-SG electrolyte. 

The molten salt of NaCl/KCl (50 mol% NaCl : 50 mol% KCl) was obtained and heated at 720 

°C twice [23]. 80 wt% SrCe0.9Eu0.1O3--20 wt% (Na/K)Cl powder was then mixed and ground 

thoroughly. The resulting powder was uniaxially pressed into disks under pressure of 200 MPa and 

sintered at 750 °C for 1 h to obtain SrCe0.9Eu0.1O3--NaCl-KCl (SCEu-SG-NK) composite electrolyte. 

For a comparison, the SCEu-SG pellet was fabricated at 1500 °C for 5 h [22]. 
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The microstructures of SCEu-SG and SCEu-SG-NK were observed by scanning electron 

microscope (SEM). The powder X–ray diffraction (XRD) pattern of samples was determined with a 

Panalytical X′ Pert Pro MPD diffractometer using Cu K radiation (=0.15418 nm). 

To study the ionic conduction of the SCEu-SG under hydrogen-containing atmospheres, the 

observed electromotive forces (EMFobs) of water vapor and hydrogen concentration cells using SCEu-

SG as electrolyte and porous 20%Pd-80%Ag paste as anode and cathode were investigated in the 

temperature range of 500 to 700 °C and calculated as [24-25].  

EMFobs = 
F2

 RT ｛–tion ln[pH2 (A) / pH2 (B)] + tO ln [pH2O (A) / pH2O (B)]｝  (1) 

The conductivities of SCEu-SG and SCEu-SG-NK as a function of temperature in nitrogen 

atmospheres were tested on an electrochemical analyzer (CHI660E, made in China) in the temperature 

range of 500–700 °C. Silver wires with 20%Pd-80%Ag paste were applied as electrodes on both sides 

(with area of 0.5 cm
2
) of the electrolytes. The effect of oxygen partial pressure (pO2) on the 

conductivities was measured with a gas mixture of O2, air, N2 and H2 in proper ratio using an oxygen 

sensor. The H2/O2 fuel cells of SCEu-SG and SCEu-SG-NK were also established. 

 

 

 

3. RESULTS AND DISCUSSION 
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Figure 1. The XRD patterns of SrCe0.9Eu0.1O3- (SCEu-SG) and SrCe0.9Eu0.1O3--NaCl-KCl (SCEu-

SG-NK). 

 

The powder X–ray diffraction (XRD) patterns of SCEu-SG and SCEu-SG-NK are given in Fig. 

1. All the peaks of the SCEu-SG are indexed to the cubic SrCeO3 phase (JCPDS 01-082-2370). The 

diffraction peaks at 20.75 º, 29.48 º, 42.18 º and 61.13 º correspond to the (110), (112), (220) and (224) 

crystal planes of SrCeO3, respectively. As is clearly shown in Fig. 1, SCEu-SG-NK composite 

electrolyte exhibited the same diffraction peaks and are agree well with the SCEu-SG phase. But the 
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peaks of NaCl (JCPDS 01-072-1668) and KCl (JCPDS 01-073-0380) were also detected. However, 

peaks for NaCl and KCl are very small. It may be due to during the crystallization process of the 

sintered composites from 750 °C down to room temperature, SrCe1-xYbxO3- crystallized firstly come 

out of solution on the SrCe1-xYbxO3- crystal nucleus, and then pure NaCl crystal, pure KCl crystal and 

amount of amorphous NaCl-KCl eutectic phase come out of solution due to the partly miscibility in 

NaCl-KCl solid-state binary. That is to say, the SCYbx-NK composite electrolytes is a mixture of 

more fine and dense SrCe1-xYbxO3-, a portion of crystalline NaCl and KCl, and some amorphous 

NaCl-KCl eutectic phase. It can be deduced that there was no reaction between SCEu-SG and the 

inorganic salts during heat treatment [15-20]. 

 

 

 

 

Figure 2. The surface and cross-sectional SEM images of SCEu-SG (a, b) and SCEu-SG-NK (c, d). 

 

The surface and cross-sectional SEM images of SCEu-SG are displayed in Fig. 2(a,b). Fig. 2(a) 

demonstrates that the SCEu-SG is dense and free of cracks after being calcined at 1500 °C for 5 h. The 

cross-sectional image (Fig. 2(b)) shows that the morphology of SCEu-SG grains is uniform and dense, 

but there are some closed pores in the crystalline structures [6-10]. Fig. 2(c,d) illustrates the surface 

and cross-sectional morphologies of SCEu-SG-NK. Apparently, SrCe0.9Eu0.1O3- particles are linked to 

each other and their surface is uniformly covered by NaCl/KCl after sintering at 750 °C for 1 h [21]. 

Moreover, the SrCe0.9Eu0.1O3- particle size is smaller than in our previous report [22]. In summary, 

the wet chemical synthesis method (the sol-gel method) is quite favorable for the formation of uniform 

nanoparticles with relatively high surface area, but the density of particles, which is the key to the 
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performance of the SOCFs, was not high compared to the high-temperature solid state reaction 

method. 

In the hydrogen-containing atmosphere, water vapor and hydrogen concentration cells were 

fabricated as follows. 

H2 (pH2O = 2.3410
3
 Pa), Pt∣ SrCe0.9Eu0.1O3-∣ Pt, 30 % H2 (pH2O = 2.3410

3
 Pa)  (cell A) 

H2 (pH2O = 2.3410
3
 Pa), Pt∣ SrCe0.9Eu0.1O3-∣ Pt, H2 (pH2O = 1.2310

4
 Pa)       (cell B) 
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Figure 3. EMFs of hydrogen concentration cell (cell A) and EMFs of water vapor concentration cell 

(cell B) of SrCe0.9Eu0.1O3- (SCEu-SG) at 500-700 °C. 

 

As can be seen from Fig. 3, transport numbers of total ions (tion = tH + tO = EMFobs / EMFcal) as 

high as approximately 0.94–0.98 were obtained by using hydrogen concentration cell (cell A) at 500–

700 °C and are very close to the theoretical electromotive forces EMFcal value (EMFcal = 
F

 RT 

2
ln [pH2 

(A) / pH2 (B)]) of the hydrogen concentration cell. Similarly, the transport numbers of the oxide ions (tO) 

is 0.00–0.14 at 500–700 °C were calculated in the water vapor concentration cell (cell B). These results 

demonstrate that the protonic conduction of SCEu-SG is good in a hydrogen-containing atmosphere, 

and there is a certain degree of oxide ionic conduction [26]. 
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Figure 4. The plots of log (T) ~ 1000 T

-1
 of SrCe0.9Eu0.1O3- (SCEu-SG) and SrCe0.9Eu0.1O3--NaCl-

KCl (SCEu-SG-NK) from 500 to 700 °C in nitrogen atmospheres. 
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Fig. 4 presents the plots of log (T) ~ 1000 T
-1

 of SrCe0.9Eu0.1O3- (SCEu-SG) and 

SrCe0.9Eu0.1O3--NaCl-KCl (SCEu-SG-NK) from 500 to 700 °C in nitrogen atmospheres. Apparently, 

the conductivity of SCEu-SG-NK is much higher than that of SCEu-SG in dry nitrogen and the highest 

conductivity is observed to be 1.44×10
-1

 S·cm
-1

 for SCEu-SG-NK at 700 °C. It was demonstrated that 

the introduction of NaCl/KCl molten mixture improved the effective concentration and conduction 

velocity of oxygen vacancy [16,18]. Besides, the conductivity plot of the composite electrolyte 

exhibits an elongated “Z”-type shape, which is consistent with the reported results [15,16]. 
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Figure 5. The conductivities of SrCe0.9Eu0.1O3- (SCEu-SG) and SrCe0.9Eu0.1O3--NaCl-KCl (SCEu-

SG-NK) as a function of pO2 at 700 °C. 

 

To explore the ionic conduction of SCEu-SG and SCEu-SG-NK, the effect of oxygen partial 

pressure (pO2 = 10
-20

 ~ 1 atm) on the conductivities was also investigated. Fig. 5 shows the log  ~ log 

(pO2) plots of SCEu-SG and SCEu-SG-NK in dry and wet atmospheres at 700 °C. No, or only a slight 

change was observed in the conductivity with pO2, which indicates that all the three electrolytes are 

pure ionic conductors. In the case of the SCEu-SG-NK composite electrolytes, the mobility of softened 

NaCl/KCl and H
 , O

2−
 greatly enhances at the cell operation temperature of 700 °C which leads to a 

reduction of activation energy for ion transport through the interface of the SrCe0.9Eu0.1O3- and 

NaCl/KCl molten salts [27]. 
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Figure 6. I-V and I-P curves for the H2/O2 fuel cells with SCEu-SG (a) and SCEu-SG-NK (b) 

electrolytes at 700 °C. 
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The cell performance was studied using hydrogen as fuel and oxygen as oxidant for SCEu-SG 

and SCEu-SG-NK at 700 °C, and is shown in Fig. 6. 

As can be seen in Fig. 6(b), the open circuit voltage is approximately 1.06 V, which is very 

approximate to the theoretical value [22]. The results agree well with the SEM, that the NaCl/KCl 

eutectic melt is bound to the surface of SCEu-SG during the heat treatment, causing the dense texture. 

The fuel cell based on SCEu-SG-NK generated the maximum power output density of 207 mW·cm
-2

 at 

700 °C which is remarkably higher than that of SCEu-SG (13.1 mW·cm
-2

 in Fig. 6(a)). Such 

performance can be attributed to the highly ionic conducting composite electrolyte, and makes the 

SCEu-SG-NK a suitable and promising electrolyte material for an intermediate temperature fuel cell. 

 

 

 

4. CONCLUSIONS 

In this work, novel SrCe0.9Eu0.1O3- was successfully prepared through the sol-gel method at a 

low temperature of 1100 
o
C for the first time. The surface and cross-sectional morphologies of SEM 

show SrCe0.9Eu0.1O3- is dense and free of cracks after being calcined at 1500 °C for 5 h. 

SrCe0.9Eu0.1O3- particles are linked to each other with NaCl/KCl covered uniformly after sintering at 

750 °C for 1 h. The highest conductivity was observed to be 1.44×10
-1

 S·cm
-1

 for SCEu-SG-NK in dry 

nitrogen at 700 °C. The plots of log  ～ log (pO2) indicate that SCEu-SG and SCEu-SG-NK are 

almost pure conductors of ion. The fuel cell based on the SCEu-SG-NK composite electrolyte 

displayed a good performance compared to the SCEu-SG, with a maximum power output density of 

207 mW·cm
-2

 at 700 °C. 
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