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In this study, BaCeo.9Tmo103. was prepared via a sol-gel combustion method using cerium nitrate,
thulium oxide and barium nitrate as raw materials. Subsequently, it was reacted with the binary KCI-
NaCl salts to obtain BaCeooTmo.103.o-KCI-NaCl composite electrolyte. The structure, morphology,
conductivity and fuel cell performance of the obtained samples were investigated. SEM images
showed that KCI-NaCl inorganic molten salts covered and filled in the areas between the
BaCeo.9Tmo10s.« particles. The highest power density and conductivity of BaCeo.9Tmo 103.o-KClI-
NaCl were 244.4 mW-cm2 and 2.1x10? S-cm™ S-cm™ at 700 °C, respectively.
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1. INTRODUCTION

Electrolytes including oxygen-ion and protonic conductors as important components of solid
oxide fuel cells (SOFCs) have attracted a great deal of research attention over the past decades [1-9].
SOFCs using oxygen-ion conductors as electrolytes usually require high operating temperature which
limits their scope of application. Perovskite complex oxides have excellent protonic conductivities at
high temperatures (700-1000 °C) and can be used in proton-conducting solid oxide fuel cells (PC-
SOFCs) [10-15]. It is well known that BaCeOzs-based electrolytes have higher conductivities than
SrCeOs-based ceramics. Doping with low-valent metal ions, especially rare earth metal cations, can
effectively improve the conduction properties of BaCeOzs-based electrolytes [16-19]. The ionic radius
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ratio of Tm3*/Ce*" is 0.088 nm/0.087 nm = 1.01 in 6-fold coordination [20]. Therefore,
BaCeo.aTmo 103.« Was selected for this study.

It has been extensively proven that the electrochemical properties of electrolytes are influenced
by the method of synthesis. The conventional method of synthesis for BaCeOs-based electrolytes is
solid-state reaction using cerium dioxide, barium carbonate and rare earth oxides as raw materials.
Although this method of synthesis is simple, it requires high temperatures (1600-1700 °C). Usually,
nanosized pure powders can be obtained by wet chemical preparations such as chemical precipitation,
sol-gel combustion and microemulsion method etc. [21-23].

Medvedev et al. [24] reported that the addition of a phase to BaCeOs-based electrolytes is the
most effective strategy for improving the electrochemical properties of composites. Therefore, two-
phase composite electrolytes with improved SOFC performances became a research hotspot [25-28].
Marques et al. combined CeosYhbos0175 with Li2CO3-NaCOsz and the conductivities improved from
1.0x107° S-cm™ (Ceos5YbosO175 at 800 °C) to 0.1 S-cm™ (CeosYbos01.75- Li2CO3-Na,CO3 at 500 °C)
[26]. Park et al. investigated BaZrosgsYo0.1503-5-Li2CO3-Na2COs composite electrolyte which had
excellent intermediate temperature electrochemical properties [27].

There are few studies about thulium-doped BaCeOs. Therefore, in this study, BaCeo.9Tmo.103.a
was synthesized using a sol-gel combustion method. The corresponding composite electrolyte of
BaCeo.9Tmo.103..-KCI-NaCl was also prepared. Structural characterization and the intermediate
temperature electrochemical properties of BaCeogTmo.103.« and BaCeop9Tmo103.4-KCI-NaCl were
investigated.

2. EXPERIMENTAL

BaCeo9Tmo103.« was synthesized via a sol-gel combustion method using cerium nitrate,
thulium oxide, nitric acid, citric acid, ammonia and barium nitrate as raw materials. All the reagents
used were analytical-grade (Shanghai Guoyao Group Chemical Reagents Co., Ltd.). Firstly, thulium
oxide was dissolved in nitric acid and mixed with a metal nitrates solution in stoichiometric molar
ratio. The barium nitrate: cerium nitrate: thulium oxide ratio was 1: 0.9: 0.1. Then, the citric acid
solution was dropped as the chelating agent. The citric acid was three times as much as the total metal
ion salts.The pH of the above solution was adjusted to 8-9 using ammonia. The water was evaporated
until a solidified gel was obtained. Finally, after being combusted and sintered at 1250 °C and 1550 °C
for 5 h, respectively, the BaCeo.9Tmo.103.«. Was obtained [22, 29-31].

The mole ratio of KCI: NaCl was 1:1. The weight ratio of BaCeo.9Tmo.10s.«: (KCI-NaCl) was
80:20. The resulting mixture was pelletized and calcined at 750 °C for 2 h to obtain BaCep.9Tmo.103.a-
KCI-NaCl composite electrolyte [32-33].

Thermogravimetric Analysis and Differential Scanning Calorimetry (TGA-DSC) was
conducted before and after gel combustion of the BaCeo.9Tmo.103.« precursor using a TA instrument.
The initial mass of the BaCeo9Tmo.103.o precursor was 10 mg. The heat flow of DSC expressed the
relationship of power difference vs. material quality between input sample and reference material. The
atmosphere was of nitrogen and the heating rate was 15 °C-min-*from room temperature up to 1100
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°C. The phase structures of BaCeo.9Tmo.10z.« and BaCepgTmo103.«-KCI-NaCl were analysed by a
powder diffractometer. The morphological characteristics of BaCeg9Tmo.103.« and BaCe.9Tmo 103-a-
KCI-NaCl were examined using scanning electron microscopy (SEM) [23].

For impedance measurements, 20 % Pd-80 % Ag paste was painted onto both side surfaces
(area: 0.5 cm?) of BaCeo.9Tmo.103-« and BaCeo.9Tmo.103-«-KCI-NaCl. The electrochemical impedance
spectroscopy (R) was tested using an electrochemical analyser (CHI660E made in China) in air at 400—

700 °C. Then, the conductivity could be calculated from: ¢ = R_Ls' where o is conductivity, R is

resistance, L is thickness and S is area of electrolyte pellet. Finally, H2/O> fuel cells of BaCeo.9Tmo.103-
« and BaCeo.9Tmo.103-o-KCI-NaCl (thickness: 1.1 mm) were investigated at 700 °C [29-33].

3. RESULTS AND DISCUSSION
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Figure 1. TGA-DSC curves before (a) and after (b) gel combustion of the BaCeo.9Tmo.103-o precursor.
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The TGA-DSC curves before (a) and after (b) gel combustion of the BaCeooTmo103-
precursor are shown in Fig. 1. The atmosphere was of nitrogen and the heating rate was 15 °C-min
Yfrom room temperature up to 1100 °C. In Fig. 1(a), the 17 % weight loss up to 255 °C with a broad
endothermic peak is ascribed to the absorption of ammonia, water and dehydration of organic
compounds. The further 70 % weight loss accompanied by a sharp exothermic peak from 255 °C to
259 °C in DSC is attributed to the abrupt decomposition of citric acid [34]. From Fig. 1(b), the weight
loss gently declined from room temperature to 300 °C accompanied by two endothermic peaks
attributed to the incomplete decomposition of organic compounds. From 800 °C to 1050 °C, there is a
12 % weight loss accompanied by two weak endothermic peaks attributed to the incomplete
decomposition of BaCOs, polymorphic phase transformation and phase formation of BaCe.9Tmo 103«
[23].

Fig. 2 shows XRD patterns of BaCeo9Tmo.103.« (1250 °C and 1550 °C) and BaCeo.9Tmo.103-a-
KCI-NaCl. According to the results of BaCeo.9Tmo.103. (1250 °C and 1550 °C), single orthorhombic
BaCeOs (JCPDS 85-2155) phases are observed, which imply that the first synthetic temperature of
1250 °C was appropriate. Fig. 2 shows that BaCeo.aTmo.103-o-KCI-NaCl has BaCeOs, KCI (JCPDS 75-
0296) and NaCl (JCPDS 88-2300) phases which indicates the chloride molten salts exist as crystalline
phases in the composite electrolyte [29-32].
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Figure 2. XRD patterns of BaCep9Tmo103.« (1250 °C and 1550 °C) and BaCeo.9Tmg.103-o-KCI-NaCl.
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Figure 3. The SEM images of BaCeo.9Tmo.103.« (1550 °C) (a,b) external and cross-sectional surfaces,
and BaCeo.9aTmo.103.o-KCI-NaCl sintered at 750 °C for 2 h (c,d) external and cross-sectional
surfaces.
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Figure 4. The conductivities of BaCeo.9Tmo.103.« (1550 °C) and BaCeogTmo 103.«-KCI-NaCl as a
function of temperature in air from 400 °C to 700 °C.
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The surface and cross-section SEM images of BaCeo.9Tmo.103.« (1550 °C) and BaCeo.9Tmo.10s-
«-KCI-NaCl are displayed in Fig. 3. Fig. 3(a,b) shows the grain size range of sintered BaCeo.9Tmo.103-«
(1550 °C) pellet is 0.5-1.7um. This shows that the sol-gel combustion method is advantageous to
particle agglomeration. However, the grain boundary of BaCep9Tmo103.« (1550 °C) had not yet
completely formed [23-25]. In the Fig. 3(c,d), it can be seen that the KCI-NaCl inorganic molten salts
covered and filled in the areas between the BaCeo9Tmo.10s- particles promoting the sintering of the
composite electrolyte [25-28].

The Arrhenius plots of BaCegoTmo103.« (1550 °C) and BaCeo.9Tmo.103.o-KCI-NaCl as a
function of temperature in air from 400 °C to 700 °C are recorded in Fig. 4. Within the test
temperature range, the BaCeo.9Tmo.103-o (1550 °C) agrees with the Arrhenius linear curve in air from
400 °C to 700 °C. The conductivity of BaCeosTmo.103..-KCI-NaCl (2.1x10?" S-cm™) is much higher
than that of BaCeoaTmo103- (9.6x103 S-cm™) in air at 700 °C. The conductivities of BaCeogTmo.10s-
a-KCI-NaCl show similar trends to previous reports [25-33], with sharp improvements near the
melting point of inorganic salts. The results indicate that the molten KCI-NaCl salt provides more ion
transport channels at high temperatures [24-28].
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Figure 5. The I-V-P curves for H2/O. fuel cells based on BaCeosTmo103.« (1550 °C) and
BaCeo.9Tmo.103.o-KCI-NaCl at 700 °C.

The 1-V-P curves for H2/O; fuel cells based on BaCep9Tmo10s3.« (1550 °C) and
BaCeo.9Tmo.103.4-KCI-NaCl at 700 °C are shown in Fig. 5. As can be seen from Fig. 5, the open circuit
voltages (OCVs) of BaCep.9Tmo.103.o (1550 °C) and BaCep.9Tmo.103.o-KCI-NaCl are 1.1 and 1.09 V,
respectively. This indicates that the molten phase fills in the remaining holes that may remain at 700
°C. The power density (P) of BaCeosTmo.103.«-KCI-NaCl reaches 244.4 mW-cm, which is higher
than that of BaCeo.9Tmo.103-« (21.6 mW-cm) under the same conditions. For BaCeo.9Tmo.103-a-KCl-
NaCl, molten salts may play important roles in improving fast conduction paths for carrier ions. The
result is higher than the P values of SrCeogEuo103..-NaCI-KCI (207 mW-cm?) [32] and



Int. J. Electrochem. Sci., Vol. 14, 2019 4072

SrCeo.9Gdo.103-.-NaCl-KCl (215 mW-cm) [33] at 700 °C. This may be due to the different electrolyte
types.

4. CONCLUSIONS

In this study, BaCeo.9Tmo.103.« was prepared via the sol-gel combustion method. XRD and
TGA-DSC results indicated that the first synthetic temperature (1250 °C) for BaCeo.9Tmo.103.« iS
appropriate. SEM images showed that KCI-NaCl inorganic molten salts covered and filled in the areas
between the BaCeooTmo103.« particles. The highest power density and conductivity of
BaCeo.9TMo.103.«-KCI-NaCl were 244.4 mW-cm and 2.1x10 S-cm™ S-cm™ at 700 °C, respectively.
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