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In this study, CeosgYbo.1Smo.102.. was synthesized using a citric acid-nitrate combustion method.
CeosYbo.1Smo.102.4-4 mol% NiO (CYSO-NiO) was also obtained using the 800 °C CYSO powder
uniformly mixed with 4 mol% NiO. The phases and microstructures of CYSO and CYSO-NiO were
analysed by an X-ray diffractometer (XRD) and a scanning electron microscope (SEM). XRD spectra
indicated that the addition of 4 mol% NiO had no effect on the crystal structure of CYSO. The
conductivities of CYSO and CYSO-NiO were 2.7x102% Scm™ and 5.6x102 Scm? at 750 °C,
respectively. The maximum output power densities of CYSO and CYSO-NiO were 44.1 mW-cm and
46.6 mW-cm2 at 750 °C, respectively.
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1. INTRODUCTION

Traditional energy power generation needs multiple energy conversions, which are limited by
the thermodynamic Carnot cycle. Fuel cells can directly convert chemical energy into electrical energy,
which is not limited by the thermodynamic Carnot cycle theoretically. A solid oxide fuel cell (SOFC) is
a kind of all solid fuel cell, which avoids the problem of corrosion of a liquid electrolyte [1-6]. In 1937,
the first SOFC with zirconia as the electrolyte was developed. Due to the high working temperature
(800-1000 °C), the battery had some problems in the working process. In order to reduce the working
temperature of these batteries, the development of materials with high ionic conductivities at medium
temperature (600-800 °C) has become a research hotspot [7-11].

Ce0O»-based electrolytes are intermediate-temperature electrolytes widely studied at present. The
ionic conductivities of CeO»-based electrolytes can be improved by doping some low valence metal
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oxides [12-16]. Dai et al. assembled a SOFC using Ceo.sSmo.202-, as the electrolyte by a co-firing method
[15]. The researchers also co-doped two or more metal oxides to CeO» to obtain higher ion conductivities
and long-time stabilities [17-22]. Vijaykumar et al. prepared CeogsL.no.10Sr0.0s02-5 (Ln = La and Gd)
electrolytes using a nitrate-sucrose combustion method [19]. The conductivities of Ceo.g5Gdo.10Sr0.0502-
5 and Ceo g5L.a0.10Sr0.0502-5 were 6.78x10° Scm™ and 2.72x10 S.cm™ at 600 °C, respectively.

A uniform nanometre powder can be obtained by the liquid phase method. Compared with
coprecipitation and hydrothermal synthesis, the nitrate combustion process is simple, and there is no ion
loss and cation ratio mismatch in the preparation process [23-24]. Therefore, this paper chooses the
nitrate combustion method to prepare the powder. NiO is one of the most commonly used sintering aids,
which can effectively reduce the sintering temperature of CeO> based electrolyte materials.

Therefore, CeogYho.1Smo.102-, was synthesized using a citric acid-nitrate combustion method
in this paper. And we tried to improve the structure and properties of Ceo.sYbo.1Smo.102., by adding
sintering assistant NiO.

2. EXPERIMENTAL

Firstly, CeosYbo.1Smo102.. was synthesized using a citric acid-nitrate combustion method.
Analytical pure Yb203, Sm>0O3 and ammonium ceric nitrate were dissolved and dispersed in distilled
water and concentrated nitric acid solution, respectively, according to the stoichiometric ratios. The fuel
citric acid was then added to the solution and heated until spontaneous combustion. Ceo.gYbo.1Smo.102-
(CYSO) was obtained after being calcinated at 800 °C and 1450 °C for 5 h, respectively.
Ceo.8Ybo.1SMo.102-4-4 mol% NiO (CYSO-NiO) was obtained after sintering at 1450 °C for 5 h using the
800 °C CYSO powder uniformly mixed with 4 mol% NiO.

The phases of the synthesized powders were analysed by XRD. The microstructures of CYSO
and CYSO-NIO sintered samples were observed by a scanning electron microscope (SEM). The
electrical conductivities of the CYSO and CYSO-NIiO sintered samples in air atmosphere were measured
by AC impedance spectroscopy. The oxygen concentration discharge cell: Oz, Pd-Aglelectrolyte|Pd-Ag,
air and Ho/O: fuel cell performances of CYSO and CYSO-NiO at 750 °C were also studied.

3. RESULTS AND DISCUSSION

Fig. 1 shows the XRD spectra of the 800 °C CYSO powder, 1450 °C CYSO and CYSO-NiO
sintered samples, respectively. In addition to the diffraction peaks of CeO., there are very few rare earth
oxide phases in 800 °C CYSO. This indicates that the initial firing temperature should continue to
increase appropriately. The half peak width of 800 °C CYSO indicates that the grain size is on the
nanometre scale. It can be seen from Fig. 1 that the 1450 °C CYSO and CYSO-NIiO sintered samples
have a single fluorite structure [16-18]. CYSO-NIO is a single cubic fluorite phase, indicating that the
addition of 4 mol% NiO has no effect on the crystal structure of CYSO [25].
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Figure 1. XRD spectra of 800 °C CYSO powder, 1450 °C CYSO and CYSO-NiO sintered samples,
respectively.
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Figure 2. SEM photos of surface and cross section of CYSO (a, ¢) and CYSO-NIiO (b, d) sintered
samples.

Fig. 2 shows the SEM photos of the surface and cross section of the CYSO (a, ¢) and CYSO-
NiO (b, d) sintered samples. As can be seen from Fig. 2(a, b), the surface microstructures of CYSO and
CYSO-NIO are relatively dense. The grain sizes of CYSO (2-4 um) and CYSO-NiO (1.5-3 um) can be
obtained by measurement. This may be due to the distribution of sintering additive NiO between grain
boundaries, which delays the grain polymerization of CYSO. From Fig. 2(c and d), the cross-section
microstructures of CYSO and CYSO-NiO have a small number of closed pores. The samples have high
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compactness and meet the test requirements. At present, a reasonable explanation is that the low melting
point of added NiO leads to the acceleration of grain rearrangement during sintering [23-25].
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Figure 3. The log o ~ 1000 T plots of CYSO and CYSO-NiO sintered samples at 500-750 °C in air
atmosphere.

Table 1. The conductivities of CYSO, CYSO-NiO and M"*-doped CeO: in the literatures.

solid electrolytes conductivities (102 S-cm™)
600 °C 650 °C 700 °C 750 °C
CYSO 0.75 2.7
CYSO-NiO 0.73 1.6 5.6
Ceo.8Smo.1Bao.0sEr0.0502-a 0.38 0.64 1.2 [26]
Ceo.8SMp.202-4-30%Al203 0.32 0.67 [27]

The Arrhenius plots of CYSO and CYSO-NIO sintered samples at 500-750 °C in air atmosphere are
shown in Fig. 3. It can be seen from Fig. 3 that the ionic conductivities of CYSO and CYSO-NiO
increased rapidly with the increase of temperature. The conductivity of CYSO was 1.4x10° Scm™? at
600 °C, which was lower than those Vijaykumar et al. reported for Ceo ssLao 10Sr0.0s02-5 (2.72x10% S.cm’
1y at 600 °C. However, the conductivity of CYSO-NiO was 3.2x10° S.cm™ at 600 °C, which was higher
than for CYSO. This may be due to the improvement of grain boundary conductivity by NiO which
promotes the rapid increase of conductivity. And the conductivities of CYSO and CYSO-NiO were
2.7x102 Scm™ and 5.6x102 Scm™ at 750 °C, respectively. Table 1 shows the conductivities of CYSO,
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CYSO-NiO and M™-doped CeO> found in the literatures. The conductivities of Sm**, Er** and Ba®* co-
doped CeosSmo.1Bao.0sEr0.0502-« reach 3.8x10% Scm?, 6.4x10° Scm™ and 1.2x102 Scm™ at 650 °C,
700 °C and 750 °C, respectively [26]. The conductivities of 20 mol% samarium doped ceria/alumina
composite electrolyte are 3.2x10° Scm™ and 6.7x10° Scm™ at 600 °C and 650 °C, respectively [27].
At the same test temperature, the conductivity of CYSO is higher than Ceo.sSmo.1Bao.osEr0.0s02-« and that
of CYSO-NIO is much higher than CepgSmo.202.,-30%Al.03. The conductivities of CYSO-NIO are 2.1
times higher than that of CYSO. This shows that adding an appropriate amount of NiO can reduce the
space charge and the blocking effect of the grain boundary, which is conducive to the improvement of
conductivity.
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Figure 4. The oxygen concentration discharge cells: O., Pd-Aglelectrolyte|Pd-Ag, air of CYSO and
CYSO-NiO at 750 °C.

Fig. 4 shows the oxygen concentration discharge cells: O, Pd-Aglelectrolyte|Pd-Ag, air of
CYSO and CYSO-NIO at 750 °C. As can be seen from Fig. 4, with the increase of discharge current
density, the power density first decreases and then increases. There is a continuous and stable discharge
curve, indicating that there are conductive ions that can continuously move directionally. Metal ions
cannot continue, only oxygen ions conduct directionally in an oxidizing atmosphere. The open circuit
voltages of the oxygen concentration discharge cells are close to the theoretical electromotive force.
Therefore, the conductivities in air in Fig. 3 can be regarded as oxide ionic conductivities.

Fig. 5 shows the I-V-P curves of H2/O> fuel cells using CYSO and CYSO-NIO as electrolytes at
750 °C. The open circuit voltages of CYSO and CYSO-NiO are maintained at 0.98-1.02 V because the
activity of oxide ions in the electrolytes are greatly enhanced and the catalytic activity of the electrode
is improved at 750 °C. The open circuit voltages are lower than the theoretical values, indicating that a
small amount of Ce** is reduced to Ce®* in an anodic reducing atmosphere. The output power densities
increase with the increase of working current densities. When certain working current densities are
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reached, the output power densities reach the maximum. The maximum output power densities of CYSO
and CYSO-NiO are 44.1 mW-cm™ and 46.6 mW-cm at 750 °C, respectively.
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Figure 5. The 1-V-P curves of H2/O> fuel cells using CYSO and CYSO-NiO as electrolytes at 750 °C.

4. CONCLUSIONS

In this study, CYSO and CYSO-NiO was synthesized at 1450 °C. SEM results showed that the
addition of NiO led to the acceleration of grain rearrangement during sintering. The oxygen
concentration discharge cells indicated that there are oxide ionic conductivities in an oxidizing
atmosphere. The maximum output power densities of CYSO and CYSO-NiO are 44.1 mW-cm™ and
46.6 mW-cm2 at 750 °C, respectively.
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