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In this study, BaCe0.9Er0.1O3- (BCEr10) powders were synthesized by the microemulsion method using 

anhydrous alcohol and PEG as the cosurfactant and surfactant, respectively. BaCe0.9Er0.1O3--20 

wt%NaCl-KCl (BCEr10-NaCl-KCl) composite was also synthesized by heating the BCEr10 with binary 

NaCl-KCl. The physical chemistry changes in crystal phase formation and the microstructure of BCEr10 

were determined by thermal gravimetry analysis-differential scanning calorimetry (TGA-DSC) and 

transmission electron microscopy (TEM). The BCEr10 and BCEr10-NaCl-KCl were characterized by 

XRD and SEM. The results revealed that the dense BCEr10-NaCl-KCl composite electrolyte was formed 

at a low temperature of 800 oC. The electrical conductivity was calculated from the AC impedance result. 

The log ～ log (pO2) plot result indicated that the composite is almost a pure ionic conductor. Finally, 

the optimum performance of BCEr10-NaCl-KCl was obtained with a highest power density of 413 

mW·cm-2 at 700 °C.  
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1. INTRODUCTION 

Perovskite oxides, such as SrCeO3, BaCeO3 and BaZrO3 which exhibit significant proton 

conductivity, have attracted great attention due to their extensive applications as hydrogen pumps, gas 

sensors, and as electrolytes for intermediate temperature fuel cells [1-2]. Moreover, BaCeO3-based 

ceramics show high conductivities compared to SrCeO3 and BaZrO3 and are a promising alternative 

electrolyte for fuel cells rather than yttria-stabilized zirconia (YSZ). Although the factors affecting the 

conductivities of electrolytes remain largely unknown, it has been empirically proven that the conduction 

properties of an electrolyte are influenced by the synthesis method, as well as by the doping content. 

BaCeO3-based materials are usually synthesized by the high temperature reaction method (1500–1700 
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°C) [3-5]. However, this method will lead to inhomogeneous structures in the samples obtained. 

Generally, nanosized, homogeneous powders with high purity can be synthesized by using wet chemical 

methods, such as sol-gel, citrate-nitrate combustion, chemical precipitation and the microemulsion 

method [6-9]. 

Intermediate temperature solid oxide fuel cells could have many advantages, such as extending 

selectivity of components, reduce the manufacturing cost and improving persistent stability etc. [10-12]. 

Therefore, alternative composite electrolytes with high ionic conductivities have become a research hot 

spot. The main strategies are to film the high temperature proton conductors (HTPC) or to construct an 

inorganic-inorganic composite electrolyte [13-21]. Kjølseth et al. used a BaZrO3-based high temperature 

proton conductor film to carry out efficiently a methane dehydroaromatization reaction [13]. Liu et al. 

combined a high temperature proton conductor, BaCe0.7In0.3O3−δ, with an ionic conductor, 

Gd0.1Ce0.9O2−δ, to study the intermediate temperature fuel cell of the composite electrolyte [16]. Marques 

et al. investigated ceria-carbonate composite electrolytes which have excellent intermediate temperature 

electrical performance [18-19]. And Park et al. and Huang et al. reported that composite electrolytes of 

doped barium cerate-carbonate have excellent intermediate temperature fuel cell performance [20-21]. 

However, our previous results indicated that SrCe0.9Yb0.1O3--NaCl-KCl has higher fuel cell 

performance than that of SrCe0.9Yb0.1O3--Li2CO3-K2CO3 [22]. And in our previous works, we 

confirmed that the total conductivity of the SrCe0.7Zr0.2Eu0.1O3-α-NaCl-KCl [23] and SrCe0.9Eu0.1O3-α-

NaCl-KCl [24] composite electrolytes are higher than their counterparts, SrCe0.7Zr0.2Eu0.1O3-α and 

SrCe0.9Eu0.1O3-α.  

For additional insight into the structure and composition of BaCeO3-based ceramics’ dependence 

on electrical conductivities, and there are few studies devoted to the utilization of erbium as dopants, we 

synthesized BaCe0.9Er0.1O3- (BCEr10) via the microemulsion method. The physical chemistry changes 

and microstructure of BCEr10 were determined by TGA and TEM. A BaCe0.9Er0.1O3--20 wt%NaCl-

KCl (BCEr10-NaCl-KCl) composite electrolyte was also prepared at a low temperature of 800 oC. The 

structural and electrical conduction behaviors of BCEr10 and BCEr10-NaCl-KCl were also investigated.  

 

 

 

2. EXPERIMENTAL 

BaCe0.9Er0.1O3- (BCEr10) powders were prepared via the microemulsion method [25]. Er2O3 

was firstly dissolved in concentrated nitric acid under stirring and then mixed with an aqueous solution 

of Ba(NO3)2 and (NH4)2Ce(NO3)6 in a stoichiometric molar ratio. A certain amount PEG, anhydrous 

alcohol and cyclohexane were added to the above solution to form the microemulsion A. The 

microemulsion B was obtained by adding (NH4)2CO3-NH4OH to the mixture of anhydrous alcohol, PEG 

and cyclohexane. The solution concentration of A and B was 0.05 g/mL. Finally, the microemulsion B 

was dripped into A. The precursor was calcined at 1200 °C and 1550 °C for 6 h, respectively. 

The NaCl-KCl (mole ratio, 1:1) molten salt was obtained by calcining twice at 720 °C [26]. 

BaCe0.9Er0.1O3- and NaCl-KCl powders (weight ratio, 80:20) were then mixed and ground thoroughly. 

The resulting powders were uniaxially pelletized under a pressure of 200 MPa. After calcinating at 800 
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°C for 2 h, the BaCe0.9Er0.1O3--20 wt% NaCl-KCl (BCEr10-NaCl-KCl) composite electrolyte was 

obtained. 

TGA-DSC measurements of BCEr10 were carried out in a nitrogen atmosphere from room 

temperature up to 1000 °C with a heating rate of 15 °C·min-1. The particle size and morphology of the 

BCEr10 precursor powder was examined using TEM. The crystalline phases of BCEr10 and BCEr10-

NaCl-KCl were characterized by X–ray diffraction (XRD). The surface and cross-section characteristics 

of BCEr10 and BCEr10-NaCl-KCl were investigated by scanning electron microscopy (SEM). 

The conductivities of BCEr10-NaCl-KCl composite electrolyte were evaluated with a CHI660E 

electrochemical analyzer in air at 400–700 °C. 20 % Pd-80 % Ag was used as electrodes by painting the 

paste onto both surfaces (area: 0.5 cm2) of the BCEr10-NaCl-KCl composite electrolyte pellet and 

connected with silver wires. In order to explore the ionic conduction under the different pO2, log  as a 

function of log (pO2) plot was measured at 700 °C [22]. In addition, the performance of a H2/O2 fuel cell 

based on BCEr10-NaCl-KCl was also measured. 

 

 

 

3. RESULTS AND DISCUSSION 

               
 

Figure 1. TEM graph of the BCEr10 precursor powder by the microemulsion method. 
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Figure 2. TGA-DSC curve of the BCEr10 precursor powder in nitrogen up to 1000°C. 

 

The TEM graph of the BCEr10 precursor powder by the microemulsion method is shown in 

Fig.1. Fig.1 indicates that the particle size of the BCEr10 is 80-120 nm, and they are generally 

agglomerated [27].  

The TGA-DSC curve of the BCEr10 precursor powder up to 1000 °C at the heating rate of 15 

°C·min-1 in a nitrogen atmosphere is shown in Fig. 2. The weight begins to decrease at about 40 °C and 

has a weight loss of 5 % up to 90 °C with a weak endothermic peak which is ascribed to the adsorbed 

water of the BCEr10 precursor [28]. The DSC curve has an endothermic peak between 150 °C and 230 

°C and the weight loss rate increases around 200 °C which is attributed to the loss of organic compounds 

[29]. The first calcined temperature is fixed at 1200 °C because there is also a slight weight loss around 

1000 °C.  

 

       

20 30 40 50 60 70

(4
20

)

(0
22

)(2
11

)

BCEr10-NaCl-KCl   

BCEr10  1550 
o

C 

BCEr10  1200 
o

C 

▽▽

NaCl▽

▼
▼

KCl▼

BaCeO
3
  85-2155

NaCl  88-2300

KCl  75-0296 

  

 

 2/ 
o

In
te

ns
ity

/a
.u

.

 
 

Figure 3. XRD patterns of BCEr10 and BCEr10-NaCl-KCl samples. 
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Fig. 3 shows the XRD of BCEr10 and BCEr10-NaCl-KCl powders together with the standard 

data of BaCeO3 (JCPDS 85-2155), NaCl (JCPDS 88-2300) and KCl (JCPDS 75-0296). The XRD 

patterns of BCEr10 indicate that both samples are single-phase orthorhombic BaCeO3 structures without 

any obvious impurity phase after being calcined at 1200 °C and 1550 °C, respectively. The peaks at 2θ 

angles of 28.66º, 40.95º and 50.82º can be assigned to the (211), (022) and (420) crystal planes of 

BaCeO3 (JCPDS 85-2155), correspondingly. It can be seen from Fig. 3 that the BCEr10-NaCl-KCl 

composite shows the same diffractions which are identified for the orthorhombic BaCeO3 phase, NaCl 

phase and KCl phase are also observed in the BCEr10-NaCl-KCl composite. The results of XRD indicate 

that there are two phases of BCEr10 and inorganic salts, which was the same as our previous studies 

[22–24].  

The surface and cross-section SEM morphologies of the BCEr10 pellet are displayed in Fig. 

4(a,b). Fig. 4(a,b) shows most of the BCEr10 grains fused together. However, the grain boundary is not 

completely formed and the density is not high enough. The external and cross-sectional SEM 

morphologies of BCEr10-NaCl-KCl pellet are also shown in Fig. 4(c,d). The images reveal that the 

surface is completely covered with inorganic salts, molten inorganic salts are good for physical changes 

with BCEr10 particles to link each other and form a crackless three-dimensional structure [23–25].  

 

 
 

 

 

Figure 4. The SEM images of external and cross-sectional surface for BCEr10 (a,b) and BCEr10-NaCl-

KCl (c,d) samples.  
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Fig. 5 shows the temperature dependences of BCEr10-NaCl-KCl conductivity from 400 to 700 

°C in air. From the plot of log (T) ～ 1000 T-1, the conductivity increases with the temperature increase. 

But the temperature dependences of BCEr10-NaCl-KCl conductivity are non-linear and BCEr10-NaCl-

KCl exhibits a sharp increase in conductivity at a temperature 600 °C, which is about 50 °C lower than 

the melting point of NaCl-KCl. The highest conductivity in air reaches 0.23 S·cm-1 at 700 °C. This may 

be attributed to the change of the conduction mechanism, due to the change of the concentration of the 

effective charge carriers [30–32]. 
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     Figure 5. The log (T) ～ 1000 T-1 plot of the BCEr10-NaCl-KCl in air from 400 to 700 °C. 
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Figure 6. The conductivities of the BCEr10-NaCl-KCl as a function of pO2 at 700 °C. 
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To investigate ionic conduction of the BCEr10-NaCl-KCl, the variation of the conductivity with 

the partial pressure of oxygen in the range of pO2 = 10-20～1 atm was measured. It can be seen from Fig. 

6 that the conductivities are almost independent on pO2 at 700 °C. This result indicates that the composite 

electrolyte is almost pure ionic conductors, which agrees with previous reports of BaCeO3-based 

materials [6,8,11].  

The performance of single cell based on a BCEr10-NaCl-KCl electrolyte (thickness = 1.15 mm) 

was tested by using hydrogen as the fuel and oxygen as the oxidant at 700 °C. The I-V and power density 

curves are shown in Fig. 7. As can be seen from Fig. 7, the open circuit voltage (OCV) is as high as 1.08 

V which confirms that the composite electrolyte has a high density [25]. It is concluded that NaCl-KCl 

melted and filled the pores inside the composite and made it quite dense at 700 °C.  
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Figure 7. I-V and I-P curves for H2/O2 fuel cell based on BCEr10-NaCl-KCl at 700 °C.  

 

The fuel cell based on BCEr10-NaCl-KCl exhibits good cell performance and gives a power 

output density of 413 mW·cm-2 at 700 °C. The result is much better than the best performances ever 

reported for intermediate temperature SOFCs based on SrCe0.9Eu0.1O3-α-NaCl-KCl of 207 mW·cm-2 [24] 

and SrCe0.9Gd0.1O3-α-NaCl-KCl of 215 mW·cm-2 [33] at 700 °C.  

 

 

 

4. CONCLUSIONS 

In this study, a novel BaCe0.9Er0.1O3- (BCEr10) electrolyte was prepared by a microemulsion 

method. The TEM result indicates that the BCEr10 particle is 80-120 nm. The TGA-DSC curve shows 

that the formation of the orthorhombic BaCeO3 phase is higher than 1000 °C. The XRD patterns indicate 

that there was no reaction between BCEr10 and NaCl/KCl. The highest conductivity observed for 

BaCe0.9Er0.1O3--20 wt%NaCl-KCl (BCEr10-NaCl-KCl) was 0.23 S·cm-1 at 700 °C. The H2/O2 fuel cell 

based on BCEr10-NaCl-KCl exhibited good cell performance with a maximum power output density of 

413 mW·cm-2 at 700 °C. 
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