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In this study, Ce0.8Gd0.2O2-α was synthesized by a sol-gel method. Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 

composite electrolyte was prepared by mixing Ce0.8Gd0.2O2-α powder with binary sulphates. The 

structure of Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 was characterized by Raman spectrometer. The morphology 

and phase composition of Ce0.8Gd0.2O2-α and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 were characterized by 

scanning electron microscopy (SEM) and an X-ray diffraction (XRD). Arrhenius curves of Ce0.8Gd0.2O2-

α (1500 °C) and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 were tested in nitrogen at 400-700 °C. The maximum 

conductivity of Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 reached 8.3×10-2 S·cm-1 at 700 °C.  
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1. INTRODUCTION 

Compared with other kinds of fuel cells, solid oxide fuel cells (SOFCs) not only have the 

advantages of high efficiency and environmental friendliness, but also have the following outstanding 

advantages: all-solid-state battery structures can avoid many problems caused by the use of liquid 

electrolytes [1-9]; the cost of electrode materials is reduced because of their low price; comprehensive 

utilization of heat to improve energy efficiency; fuel range is wide, etc. [10-16].  

Doped CeO2 has high ionic conductivity at medium temperature, which is considered to be one 

of the most important electrolyte materials for intermediate temperature (400–700 °C) solid oxide fuel 

cells (IT-SOFCs) [17-26]. Colet-Lagrille et al. synthesized MoxCe1-xO2−δ using a combustion method 

which had excellent catalytic activity for carbon gasification [25]. Liu et al. tested the content of acetone 
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using Ce0.8Gd0.2O1.95 electrolyte [26]. The key to the development of IT-SOFCs lies in the exploration 

of new electrolyte materials. 

In recent years, researchers have vigorously developed kinds of CeO2-based composite 

electrolyte materials. Unlike traditional single-phase oxide electrolyte materials, these new materials are 

composed of doped CeO2 and inorganic salt phases. During the operation of SOFCs, doped CeO2 has 

the function of supporting the skeleton, while inorganic salts are distributed in the voids of doped CeO2 

grains in solid or melt state [27-35]. Fan et al. synthesized Sm0.2Ce0.8O2-Na2CO3 composite electrolytes 

using one-step synthesis and applied them to SOFCs [33]. Therefore, it is of great theoretical and 

application value to study CeO2-based composite electrolytes. 

In this study, Ce0.8Gd0.2O2-α was synthesized by a sol-gel method. Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 

composite electrolyte was prepared by mixing Ce0.8Gd0.2O2-α powder with binary sulphates. 

Ce0.8Gd0.2O2-α and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 were characterized and studied in terms of phase, 

morphology, conductivity and fuel cell performances at 400–700 °C.  

 

2. EXPERIMENTAL 

Ce0.8Gd0.2O2-α was synthesized by a sol-gel method. Firstly, Gd2O3 (2.175 g) and 

(NH4)2Ce(NO3)6 (26.314 g) were completely dissolved with concentrated nitric acid and distilled water, 

respectively. Citric acid, as the complexing agent, was added and stirred until the consistency of the 

solution was about the same as that of honey. After baking at 100 °C for 24 h, the xerogel was burned 

for ashing. The ashes were sintered at 900 °C and 1500 °C for 5 h, respectively, to get Ce0.8Gd0.2O2-α. 

K2SO4-Li2SO4 was heat-treated in air for 1 h at 750 °C after full grinding with a molar ratio of 1:1. The 

obtained sulphate eutectic and Ce0.8Gd0.2O2-α powders were mixed with the weight ratio of 2:8 and 

ground uniformly. Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 composite electrolyte was obtained by heating the 

mixture for 1 h at 750 °C. 

The gel was analyzed by thermogravimetry and differential scanning calorimetry (TG-DSC). The 

heating rate was 15 °C·min-1 and the temperature range was 50-900 °C. The phase compositions of 

Ce0.8Gd0.2O2-α and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 were determined by X-ray diffraction (XRD). The 

structure of Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 was further characterized by a Raman spectrometer. The 

morphology, grain size and density of Ce0.8Gd0.2O2-α and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 were observed 

by scanning electron microscopy (SEM).  

The Ce0.8Gd0.2O2-α and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 were polished with sandpaper and coated 

with Pd-Ag slurry on both sides. The samples were dried and placed in an electric furnace. AC 

impedance spectroscopy was measured in a nitrogen atmosphere at 400-700 °C. The measurement 

frequency ranged from 1 to 105 Hz. Volt-ampere characteristic curves of the fuel cells were obtained by 

electrochemical workstations at 700 °C. 

 

3. RESULTS AND DISCUSSION 

The TG-DSC curve of the Ce0.8Gd0.2O2-α gel from room temperature to 900 °C before and after 

ashing is shown in Fig. 1. In Fig. 1 (a), the sharp exothermic peaks near 130°C and 310°C are caused by 

the loss of crystalline water and the reaction of nitrate with citric acid, respectively. The reaction emits 
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a large amount of CO2 and H2O, which corresponds to the sharp reduction of weight on the TG curve. 

The exothermic peak after 600 °C is caused by the oxidation of residual carbon [18,36]. From Fig. 1 (b), 

the total weight loss in the test temperature range is 2.3% after ashing. This shows that ashing is very 

thorough. 
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Figure 1. TG-DSC curve of the Ce0.8Gd0.2O2-α gel from room temperature to 900 °C (a) before and (b) 

after ashing. 
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Figure 2. XRD spectra of Ce0.8Gd0.2O2-α (900 °C, 1500 °C) and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4.  
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Figure 3. Raman spectrum of Ce0.8Gd0.2O2-α-K2SO4-Li2SO4. 

 

The X-ray diffraction spectra of Ce0.8Gd0.2O2-α (900 °C, 1500 °C) and Ce0.8Gd0.2O2-α-K2SO4-

Li2SO4 are shown in Fig. 2. According to the characteristic peaks of XRD, the Ce0.8Gd0.2O2-α (900 °C, 

1500 °C) are a cubic fluorite structure of CeO2, which indicates that the samples prepared by the sol-gel 

method have good phase formation [18-22]. In addition to CeO2 phase, a small amount of KLiSO4 phase 

exists in the Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 sample. Maybe this is because K2SO4-Li2SO4 is in melt state 

during heat treatment. When the composite electrolyte powders are cooled from heating state to room 

temperature, most of the molten sulphates do not crystallize and are cooled to room temperature in an 

amorphous state. Therefore, there are only weak peaks of KLiSO4 in the XRD spectrum. XRD spectra 

show that the Ce0.8Gd0.2O2-α structure is not affected by K2SO4-Li2SO4, which means that it has good 

corrosion resistance to molten sulphates [28-34]. 
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The Raman spectrum of Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 is shown in Fig. 3. At 493 cm-1, there is a 

strong Raman activity peak in the F2g mode of Ce-O-Ce symmetrical stretching vibration. The Raman 

peaks around 536 cm-1 correspond to the S-O bending deformation vibration. The Raman peak at 673 

cm-1 corresponds to Oh vibrational mode. The Raman peaks near 987 cm-1 are attributed to the S-O 

symmetrical telescopic vibration [37-39]. It can be seen that the prepared Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 

has a cubic structure of CeO2 and the existence of SO4
2-, which is consistent with Fig. 2.  

Fig. 4 shows the SEM photos of Ce0.8Gd0.2O2-α (1500 °C) and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4. It 

can be seen from Fig. 4(a) that Ce0.8Gd0.2O2-α (1500 °C) has basically reached dense sintering. Fig. 4(b) 

shows some holes, which are proved to be closed stomata by experiment. Fig. 4(c,d) show that composite 

electrolyte is aggregate formed by amorphous sulphate particles covering Ce0.8Gd0.2O2-α powders, which 

is conducive to the formation of a continuous two-phase interface [32-34]. 

 

 

 

 
 

Figure 4. The external (a, c) and cross-sectional (b, d) SEM photos of Ce0.8Gd0.2O2-α (1500 °C) and 

Ce0.8Gd0.2O2-α-K2SO4-Li2SO4.       



Int. J. Electrochem. Sci., Vol. 14, 2019 

  

10527 

 

1.0 1.1 1.2 1.3 1.4 1.5
-0.5

0.0

0.5

1.0

1.5

2.0

2.5

 

 

 1500 
o
C Ce

0.8
Gd

0.2
O

2-
-K

2
SO

4
-Li

2
SO

4

 1500 
o
C Ce

0.8
Gd

0.2
O

2-

1000 T
-1
 / K

-1

L
o

g
(

T
/ 

S
cm

-1
K

)

 

 

 
 

Figure 5. Arrhenius curves of Ce0.8Gd0.2O2-α (1500 °C) and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 at 400- 700 

°C. 
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Figure 6. Volt-ampere characteristic curves of Ce0.8Gd0.2O2-α (1500 °C) and Ce0.8Gd0.2O2-α-K2SO4-

Li2SO4 at 700 °C.  

 

Fig. 5 shows the Arrhenius curves of Ce0.8Gd0.2O2-α (1500 °C) and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 

in nitrogen at 400-700 °C. The Arrhenius curve of Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 has a turning point 

where the conductivity transits near the temperature of 525 °C. The enhancement effect of conductivity 

is caused by the interface between two phases. Below the transition temperature, sulphate is solid phase 

with low conductivity. Ions are mainly transported through the interface and bulk of Ce0.8Gd0.2O2-α. With 

the increase of temperature, the melting process of sulphate begins to extend from the interface region 

to bulk phase. Above the transition temperature, the sulphate in the interface region begins to melt, which 
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is conducive to the conduction of ion defects through the interface region. The maximum conductivity 

of Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 reaches 8.3×10-2 S·cm-1 at 700 °C [32-35, 40].  

Fig. 6 shows the output performance of Ce0.8Gd0.2O2-α (1500 °C) and Ce0.8Gd0.2O2-α-K2SO4-

Li2SO4 at 700 °C. Open circuit voltages of Ce0.8Gd0.2O2-α (1500 °C) and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 

are higher than 1.05V. This shows that adding a certain amount of sulphate can effectively inhibit the 

electronic conductivity of Ce0.8Gd0.2O2-α. It also can be seen that the output power densities increase with 

the increase of current densities. The maximum output power densities of Ce0.8Er0.2O2-α and 

Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 are 77 mW·cm-2 and 167 mW·cm-2 at 700 °C, respectively [41-43]. The 

good fuel cell performance of Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 is mainly attributed to the high ionic 

conductivity of composite electrolyte. 

 

 

 

4. CONCLUSIONS 

In this study, Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 composite electrolyte was prepared by mixing 

Ce0.8Gd0.2O2-α powder with binary sulphates. XRD shows Ce0.8Gd0.2O2-α is a cubic fluorite structure of 

CeO2 and it has good corrosion resistance to molten sulphates. The Raman spectrometer further indicates 

that Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 has a cubic structure of CeO2 and the existence of SO4
2-. SEM shows 

that composite electrolyte is aggregate formed into a continuous two-phase interface. The maximum 

output power densities of Ce0.8Er0.2O2-α and Ce0.8Gd0.2O2-α-K2SO4-Li2SO4 are 77 mW·cm-2 and 167 

mW·cm-2 at 700 °C, respectively. 
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