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In this study, Ce0.8Gd0.1Lu0.1O2-α was synthesized by a sol-gel method. And Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl 

composite electrolyte was prepared at 750 °C. The phase composition, microstructure, conductivity and 

fuel cell properties of the composite were studied at 500–750 °C. The XRD results showed that no 

chemical reaction occurred between chloride and Ce0.8Gd0.1Lu0.1O2-α. The log  ～ log (pO2) results 

showed that Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl is a pure ionic conductor in an oxidizing atmosphere. The 

performance of oxygen concentration discharge cell further showed that Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl is 

an excellent oxygen ion conductor in an oxidizing atmosphere. 
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1. INTRODUCTION 

A fuel cell is a kind of power generation device which can convert chemical energy stored in fuel 

and oxidant into electric energy with high efficiency. Fuel cells can be classified according to their 

operating temperatures or electrolytes. A solid electrolyte is the core component of a solid oxide fuel 

cell (SOFC) [1-6]. The traditional high-temperature SOFC (800–1000 °C) uses Y2O3 stabilized zirconia 

(YSZ) as the electrolyte. Such a high operating temperature causes a series of problems. An effective 

way to reduce the working temperature of an SOFC is to find an electrolyte with high ionic conductivity 

at medium temperature (400–700 °C) [7-11].  

The ionic conductivities of CeO2-based materials with a cubic structure are higher than that of 

YSZ at medium temperature (400–700 °C) [12-16]. Tian et al. synthesized Sm0.15Ce0.85O2−δ using 

0.5mol% CuO as a sintering aid [12]. The oxygen vacancy concentrations in the lattice increased and 

the oxygen ion conductivities improved, while two kinds of low valence metal ions replaced Ce4+ [17-

21]. Soepriyanto et al. found that Gd3+ and Nd3+ co-doped CeO2 had higher conductivities than Gd3+ and 

Y3+ co-doped CeO2 [20]. The traditional solid-state method of CeO2-based electrolytes requires a high 
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sintering temperature. In order to obtain uniform nanoscale powders at low temperature, 

Ce0.8Gd0.1Lu0.1O2-α was synthesized by a sol-gel method in this study. 

However, part of Ce4+ is reduced to Ce3+ in a reductive atmosphere. In the research on medium 

temperature SOFCs, it is of great significance to develop new composite electrolyte materials with high 

conductivities [22-25]. Kumar et al. combined Sm3+/Gd3+, Sr2+/Gd3+ and Ca2+/Gd3+ co-doped ceria with 

Na2CO3 to synthesize nanocomposite electrolytes [22]. Therefore, it is of great significance to explore 

new types of Gd3+ and Lu3+ co-doped ceria-chloride composite electrolytes for the development of 

medium temperature SOFCs.  

In this study, Ce0.8Gd0.1Lu0.1O2-α was synthesized by a sol-gel method. And Ce0.8Gd0.1Lu0.1O2-α-

(Na/K)Cl composite electrolyte was prepared at 750 °C. The phase composition, microstructure, 

conductivity and fuel cell properties of the composite were studied at 500–750 °C. 

 

 

 

2. EXPERIMENTAL 

Ce0.8Gd0.1Lu0.1O2-α was prepared using a sol-gel method. Firstly, Gd2O3 (99.99%) and Lu2O3 

(99.99%) were dissolved using nitric acid, and mixed with (NH4)2Ce(NO3)6 (99.9%) solution. The citric 

acid was added with a molar weight 1.5 times that of the metal cations. The solution was stirred and 

evaporated until the gel formed. After removal of residual organic matter, the powder was put into a 

muffle furnace and calcined at 900 °C for 5 h to obtain Ce0.8Gd0.1Lu0.1O2-α. The Ce0.8Gd0.1Lu0.1O2-α 

powder was mixed with melted NaCl-KCl powder in the mass ratio of 3:1. The fully grinded powder 

was pressed into a disc with a diameter of 18 mm at 250 MPa. Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl composite 

electrolyte was prepared after being heated at 750 °C for 1 h.  

The thermogravimetry analysis and differential scanning calorimetry (TGA-DSC, Universal V 

3.7A, TA Instruments, USA) curve of xerogel was measured by a thermogravimetric analyser. The 

phases of the Ce0.8Gd0.1Lu0.1O2-α and Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl powders were determined by X-ray 

diffractometer (XRD, X’pert Pro MPD, Netherlands). The microstructure of Ce0.8Gd0.1Lu0.1O2-α-

(Na/K)Cl was observed by a scanning electron microscope (SEM, S-4700, Hitachi, Japan). The sintered 

disc of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl was processed into a thin sheet with an electrode diameter of 8 mm 

(area: 0.5 cm2) and a thickness of 1.0 mm, which was used for gas concentration cell, conductivity and 

fuel cell.  

 

 

 

3. RESULTS AND DISCUSSION 

The TGA-DSC curve of xerogel (Ce0.8Gd0.1Lu0.1O2-α) from room temperature to 900 °C in a 

nitrogen atmosphere is shown in Fig. 1. As shown in Fig. 1, the continuous mass loss of the xerogel 

ranges from room temperature to 300 °C and the total mass loss was about 80%. On the DSC curve, 

there is an obvious exothermic peak near 260 °C, accompanied by about 65 % mass loss, which was 

mainly caused by the decomposition of nitrate and citrate [18-19]. When the temperature was higher 

than 600 °C, no obvious mass loss was observed on the TG curve, and the DSC curve becomes flatter, 
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indicating that the decomposition, oxidation and crystallization process of xerogel were basically 

complete [21]. Therefore, the calcination temperature should be above 600 °C. 
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Figure 1. TGA-DSC curve of xerogel (Ce0.8Gd0.1Lu0.1O2-α) from room temperature to 900 °C in a 

nitrogen atmosphere.  

 

Fig. 2 is the XRD diagram of Ce0.8Gd0.1Lu0.1O2-α and Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl powders. It 

can be seen from Fig. 2 that the Ce0.8Gd0.1Lu0.1O2-α powder calcined at 900 °C has a single cubic fluorite 

structure, and no other impurity diffraction peaks are found [17-19]. It is indicated that Gd3+ and Lu3+ 

enter the CeO2 lattice in the form of Ce4+ instead, indicating that the sol-gel method is suitable for 

preparing multi component CeO2 electrolyte powders [21]. In the composite electrolyte, there are some 

crystal phases of NaCl and KCl in the chloride phase. Ce0.8Gd0.1Lu0.1O2-α still keeps its original lattice 

structure and does not react with chloride, which indicates that Ce0.8Gd0.1Lu0.1O2-α particles have good 

corrosion resistance [23-24]. 
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Figure 2. XRD patterns of Ce0.8Gd0.1Lu0.1O2-α and Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl powders.  
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Figure 3. The SEM photos of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl (a) external, (b) cross-sectional. 

 

 

Figure 3 shows the SEM photos of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl calcined at 900 °C for 5 h. The 

morphology of Ce0.8Gd0.1Lu0.1O2-α remains basically as spherical nanoparticles, from Fig. 3 (a). From 

Fig. 3 (b), in the composite, due to the small size of Ce0.8Gd0.1Lu0.1O2-α particles, chloride phase can be 

seen on the surface of Ce0.8Gd0.1Lu0.1O2-α particles [22]. It can be seen from Fig. 3 that the 

Ce0.8Gd0.1Lu0.1O2-α and (Na/K)Cl phases prepared by sol-gel method are evenly distributed after being 

sintered at 900 °C for 5 h [24].  
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Figure 4. The conductivities of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl from 500 to 750 °C in nitrogen.  
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Fig. 4 shows the AC conductivity test results of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl from 500 to 750 

°C in nitrogen. In the range of 500–600 °C, the conductivity of the composite electrolyte is one order of 

magnitude higher than that Kumar et al. reported for Ce0.8Gd0.1Ca0.1O2-α [22]. There is a turning point in 

the conductivity of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl near the melting temperature of the chloride phase, and 

the activation energy changes significantly near this temperature. In the molten state (600–700 °C), the 

AC conductivity of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl is higher than Ce0.8Gd0.1Ca0.1O2-α [22] by 2.5 orders of 

magnitude. At the same time, the conductivity of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl (8.3×10-2 S·cm-1) is 

higher than that of Ce0.8Gd0.1Sm0.1O2-α-Na2CO3 [22]. In conclusion, the appropriate proportion of Gd3+ 

and Lu3+ doping can effectively improve the conductivity of CeO2-based composite electrolyte materials.  

Fig. 5 shows the curves of conductivities changing with oxygen content. The log  ～ log (pO2) 

curve of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl is higher than that of Ce0.8Gd0.1Yb0.1O2-α-and close to that of 

Ce0.8Gd0.1Yb0.1O2-α-KCl-NaCl reported by Wang et al. [26]. The conductivities do not change with the 

ratio of gas (nitrogen and oxygen), showing a horizontal line. The results show that Ce0.8Gd0.1Lu0.1O2-α-

(Na/K)Cl is a pure ionic conductor in an oxidizing atmosphere. 
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Figure 5. The log  ～ log (pO2) curve of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl. 

 

The performance of oxygen concentration discharge cell using Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl as 

electrolyte at 750 °C is shown in Fig. 6. The open circuit voltage (34 mV) is in agreement with the 

theoretical value (34.4 mV). When the current density is 1.25 mA·cm-2, the power density reaches the 

maximum value of 0.024 mW·cm-2. Combined with the conclusion in Fig. 5, the results further show 

that Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl is an excellent oxygen ion conductor in an oxidizing atmosphere. 
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Figure 6. The performance of oxygen concentration discharge cell using Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl 

as electrolyte at 750 °C. 
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Figure 7. The performance of oxygen/hydrogen fuel cell using Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl as 

electrolyte at 750 °C. 

 

Hydrogen is used as fuel gas and oxygen as oxidant, and the I-V-P relationship is tested. The 

results are shown in Fig. 7. At 750 °C, the open circuit voltage of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl is 1.06 

V, which is close to the theoretical value, indicating that the composite electrolyte synthesized above the 

eutectic temperature is dense. For a single CeO2 electrolyte (Ce0.8Er0.1Gd0.1O2-α reported by Zhang et al. 

[27]), the open circuit voltage is 0.98 V due to the conversion of part of Ce4+ to Ce3+ in a reducing 

atmosphere. Therefore, the addition of a certain amount of chloride in the composite electrolyte can 

effectively inhibit the electron conduction of Ce0.8Gd0.1Lu0.1O2-α. When the current density is 359 

mA·cm-2, the power density of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl reaches the maximum value of 201 

mW·cm-2 at 750 °C. 
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4. CONCLUSIONS 

In this study, Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl composite electrolyte was prepared at 750 °C. The 

TGA-DSC curve indicated that the decomposition, oxidation and crystallization process of xerogel are 

basically completed below 600 °C and the calcination temperature should be above 600 °C. At 750 °C, 

the conductivity of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl reached 8.3×10-2 S·cm-1. The log  ～ log (pO2) and 

oxygen concentration discharge cell results showed that Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl is an excellent 

oxygen ion conductor in an oxidizing atmosphere. When the current density was 359 mA·cm-2, the power 

density of Ce0.8Gd0.1Lu0.1O2-α-(Na/K)Cl reached the maximum value of 201 mW·cm-2 at 750 °C. 
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