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In this study, Ce0.8Gd0.1Tm0.1O2-α was synthesized by a nitrate-citric acid combustion method. 

Ce0.8Gd0.1Tm0.1O2-α powder and binary chlorides (NaCl, KCl) were mixed with the weight ratio kept at 

3:1 to prepare Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl composite electrolyte. The crystal structures of 

Ce0.8Gd0.1Tm0.1O2-α and Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl were determined by X-ray diffraction (XRD). 

The AC impedance spectra of Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl were measured in the range of 450-700 °C 

and different oxygen partial pressures. The maximum conductivity and power density of the composite 

electrolyte reached 24.5 mS·cm-1 and 147.7 mW·cm-2 at 700 °C, respectively.  
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1. INTRODUCTION 

Solid electrolytes are widely used in the field of solid oxide fuel cells (SOFCs), the chemical 

industry, metallurgy and in sensors due to their excellent ionic conductivities [1–5]. Traditional SOFCs 

used yttrium oxide stabilized zirconia (YSZ) as electrolyte and the working temperature was generally 

higher than 800 °C which led to high cost and limited the practical application [6–12]. The doped CeO2-

based solid electrolyte had higher ionic conductivity and lower activation energy than YSZ, which was 

a good oxygen ion conductor [13-16]. For example, Arabaci et al. synthesized Sm3+ doped CeO2 using 

a Pechini method [14]. Reports showed that the doping effect of rare earth oxides is better than those of 

alkaline earth oxides, and Sm3+ and Gd3+ are the best [17-21]. In general, if the radius of the doped ion 

is close to that of the main cation in the lattice, it will cause the smallest expansion or contraction. It can 

reduce the binding enthalpy between the doped cation and oxygen vacancy, improve the ion mobility 

and achieve higher conductivity. The radius of Tm3+ ion is 0.088 nm, which is close to that of Ce4+ 
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(0.087 nm). In addition, most CeO2-based solid electrolyte materials are prepared by the liquid phase 

method. This is because compared with the traditional solid-state synthesis, the liquid phase method can 

produce high-purity uniform nano powder and has a lower reaction temperature. Therefore, 

Ce0.8Gd0.1Tm0.1O2-α was synthesized by a nitrate-citric acid combustion method in this study [22-25].  

The main method to improve the conductivity of solid electrolytes is to construct composite 

electrolyte. In recent years, ceria-carbonates, ceria-chlorides and ceria-sulfates composite electrolytes 

have shown theirs advantages in solid electrolyte research [26-29]. Therefore, Ce0.8Gd0.1Tm0.1O2-α-

(Na/K)Cl was prepared by mixing binary chlorides with Ce0.8Gd0.1Tm0.1O2-α powder in this study. The 

crystal structures of Ce0.8Gd0.1Tm0.1O2-α and Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl were determined by X-ray 

diffraction (XRD). The electrical properties of Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl composite electrolyte were 

measured by AC impedance technique in the range of 450-700 °C. 

 

 

 

2. EXPERIMENTAL 

Ce0.8Gd0.1Tm0.1O2-α was synthesized by a nitrate-citric acid combustion method. According to 

the required molar ratio, (NH4)2Ce(NO3)6 was dissolved in water and Tm2O3 and Gd2O3 were dissolved 

in nitric acid. The mixed solution of Tm3+, Ce4+ and Gd3+ was prepared. Citric acid with a molar ratio of 

2 to metal ions was added, and the pH value of the mixed solution was adjusted to 7 with NH4OH. At 

80 °C, the sol was evaporated to remove most of the water, and then heated to spontaneous combustion 

to obtain the primary powder. Finally, Ce0.8Gd0.1Tm0.1O2-α powder was obtained by calcination at 900 

°C for 5 h. Ce0.8Gd0.1Tm0.1O2-α powder and binary chlorides (NaCl, KCl) were mixed thoroughly with 

the weight ratio kept at 3:1. Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl was prepared by it pressing into a disc in the 

mold and then heating at 750 °C for 1 h.  

The gel was heated from room temperature to 900 °C using a thermogravimetry analysis and 

differential scanning calorimetry (TGA-DSC) method. The crystal structures of Ce0.8Gd0.1Tm0.1O2-α and 

Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl were determined by X-ray diffraction (XRD). The morphology of 

Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl was observed by scanning electron microscopy (SEM). The AC 

impedance spectra of Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl were measured in the range of 450-700 °C and 

different oxygen partial pressures with CHI660E electrochemical workstation. The H2/O2 fuel cell was 

assembled and its performance was studied.  

 

 

 

3. RESULTS AND DISCUSSION 

 

In order to understand the decomposition of Ce0.8Gd0.1Tm0.1O2-α gel and the formation of 

crystalline phase, the TGA-DSC analysis was carried out, as shown in Fig. 1. From Fig. 1, the 15% 

weight loss below 100 °C corresponds to the evaporation of water in the gel. 12 % weight loss between 

150 °C and 260 °C is the decomposition of nitrate and ammonium salt, corresponding to a broad 

endothermic peak on the DSC curve [18-19]. It was observed that the gel rapidly expanded and a large 

amount of yellow smoke was generated in the experiment. The 66 % weight loss between 260 °C and 
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265 °C corresponds to the strong exothermic peak of 263 °C on DSC curve. In this process, citric acid 

self-combustion reaction occurs and a lot of heat is released. After 320 °C, the weight loss almost 

disappears, and it can be inferred that the decomposition has been basically completed [21]. After 580 

°C, the quality of the gel does not change completely, indicating the formation of fluorite phase. 

Therefore, Ce0.8Gd0.1Tm0.1O2-α is calcined at 900 °C for 5 h.  

 

 

        

0

20

40

60

80

100

Temperature / 
oC

H
ea

t 
F

lo
w

 (
W

/g
)

W
ei

g
h

t(
%

)

0 300 600 900
0

5

10

15

20

 

 

 
 

Figure 1. TGA-DSC curve of gel (Ce0.8Gd0.1Tm0.1O2-α) from room temperature to 900 °C.  
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Figure 2. XRD spectra of Ce0.8Gd0.1Tm0.1O2-α and Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl after calcined at 900 

°C for 5 h. 
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Fig. 2 is the XRD spectra of combustion products after being calcined at 900 °C for 5 h. It can 

be seen that all the diffraction peaks of Ce0.8Gd0.1Tm0.1O2-α are consistent with the standard spectrum 

(JCPDS, 00-046-0507) and there are no other peaks. It shows that Tm3+ and Gd3+ replace part of Ce4+ in 

the lattice, forming CeO2 solid solution [17-18]. Therefore, it can be considered that the 

Ce0.8Gd0.1Tm0.1O2-α powder with a cubic fluorite structure was directly synthesized by nitrate-citric acid 

combustion method [21-23]. In Fig. 2, we can see that in addition to the diffraction peaks of 

Ce0.8Gd0.1Tm0.1O2-α, there are also weak peaks of NaCl and KCl in the composite electrolyte. This may 

be because the chlorides are molten during heat treatment. When the composite electrolyte powder cools 

from 900 °C to room temperature, the molten binary chlorides cannot crystallize, and most of them exist 

in amorphous state. Therefore, there are only weak NaCl and KCl peaks in the XRD spectrum of the 

composite electrolyte. 

 

 

 
 

Figure 3. SEM images (a) external, (b) cross-sectional of Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl after heat 

treatment at 750 °C. 

 

 

Fig. 3 shows the external and cross-sectional SEM images of the composite electrolyte. It can be 

seen from the picture that the composite electrolyte disc obtained after heat treatment at 750 °C for 1 h 

has no holes. The cross-sectional SEM image shows that Ce0.8Gd0.1Tm0.1O2-α and (Na/K)Cl are 

interconnected in three dimensions and closely combined [26-28]. The molten chlorides completely 

covered the Ce0.8Gd0.1Tm0.1O2-α powder to form a uniform composite. 

Fig. 4 shows the relationship between the conductivities and temperatures in the range of 450-

700 °C of Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl and others reported in the literature [30-32]. The conductivities 

of Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl increased with the increase of temperatures. The maximum 

conductivity of the composite electrolyte reached 24.5 mS·cm-1 at 700 °C. The conductivities are close 

to that of Ce0.8Sm0.2O2-α-5%Al2O3 [30] composite electrolyte and higher than those of single 

Ce0.8Zr0.2O1.9 [32] and composite Ce0.8Gd0.1Sm0.1O2-α-Na2CO3 [31] electrolytes at the same 

temperatures. The results show that the chlorides eutectic and Ce0.8Gd0.1Tm0.1O2-α compound form a 

"highway" transmission channel in the interface region between the two components, which greatly 

reduces the migration activation energy which must be overcome in conducting ion migration. 
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Figure 4. The relationship between the conductivities and temperatures in the range of 450-700 °C. 
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Figure 5. The relationship between the conductivities and different oxygen partial pressures of 

Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl. 

 

 

The relationship between the conductivities and different oxygen partial pressures of 

Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl at 700 °C is shown in Fig. 5. For the relationship between oxygen partial 

pressures and conductivities, when log  ～ log (pO2) is a horizontal straight line, it shows that the 

electrolyte has ionic conductivity. Otherwise, the electrolyte has electron (or hole) conductivity in 

addition to ionic conductivity. It can be seen from Fig. 5 that the conductivities of Ce0.8Gd0.1Tm0.1O2-α-

(Na/K)Cl almost do not change with oxygen partial pressures in the range of pO2 = 10-4～1 atm, 

indicating that the composite electrolyte is a good oxygen ion conductor [33]. In the range of pO2 = 10-
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19～10-12 atm, the conductivities increase slightly with the decrease of oxygen partial pressures, which 

indicates that there is a small amount of electron conduction besides oxygen ion conduction. Taub et al. 

found that the electron conductivity of Ce0.8Gd0.1Co0.02O2-α was proportional to pO2
-1/6 in a reductive 

atmosphere [34]. This result is in agreement with the previous findings that the composite electrolyte is 

a good oxygen ion conductor in an oxidizing atmosphere [33, 35], however, it is different from Taub's 

report [34]. This shows that the composite electrolyte can inhibit the electronic conductivity.  

The H2/O2 fuel cell using Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl as electrolyte was assembled and its 

performance was studied with oxygen and hydrogen as oxidant and fuel gas, respectively. The current 

density increased with the decrease of discharge voltage, as shown in Fig. 6. The maximum power 

density of Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl reached 147.7 mW·cm-2 and corresponding current density was 

295.4 mA·cm-2 at 700 °C, which is higher than that of Ce0.8Er0.1Gd0.1O2-α-K2SO4-Li2SO4 (98.1 mW·cm-

2) at 700 °C [36]. This shows that the design of Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl composite electrolyte is 

reasonable, which is more conducive to the improvement of electrical properties at medium temperature. 
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Figure 6. The H2/O2 fuel cell using Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl as electrolyte at 700 °C.  

 

 

 

4. CONCLUSIONS 

In this study, Tm3+ and Gd3+ co-doped CeO2 powder was mixed with NaCl and KCl to prepare 

Ce0.8Gd0.1Tm0.1O2-α-(Na/K)Cl composite electrolyte. The cross-sectional SEM image showed that 

Ce0.8Gd0.1Tm0.1O2-α and (Na/K)Cl were interconnected uniformly in three dimensions and closely 

combined. The maximum conductivity and power density of the composite electrolyte reached 24.5 

mS·cm-1 and 147.7 mW·cm-2 at 700 °C, respectively. The log  ～ log (pO2) result indicated that 

Ce0.8Gd0.1Tm0.1O2-α- (Na/K)Cl was a good oxygen ion conductor in the range of pO2 = 10-4～1 atm.  
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