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The application of Sn;.xM,P,05 electrolyte for solid oxide fuel cells is limited due to its poor sintering
abilities. In this study, a new SngsMgo1P207/KSn,(PO4); composite electrolyte was facile synthesized
and the structural and microstructural properties were characterized by XRD and SEM. These results
exhibit that the SnogMgo1P207/KSn,(PO4); composite can be obtained by SnggMgo1P.O7 in-situ
reacted with inorganic melt salt. The electrical properties were tested using impedance spectroscopy in
the ran%]e of 300 ~ 700 °C. The highest conductivity of SngoMgo1P.07/KSn,(PO,4); achieved was
6.3x10% S-cm™ in a dry nitrogen atmosphere at 700 °C. A H,/O, fuel cell with a dense
Snp.9Mgo.1P.07/KSn,(PO,)s electrolyte membrane was also constructed and achieved maximum power
output densities of 47.2 mW-cm and 130.9 mW-cm™ at 600 °C and 700 °C, respectively.
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1. INTRODUCTION

Yttria-stabilized zirconia (YSZ) is used in high-temperature solid oxide fuel cells (HT-SOFCs)
because of its high stability and high ionic conductivity [1-2]. However, the most widely used
electrolyte is limited by the high operating temperature which can lead to some complex influences on
selecting electrodes, bonding materials and sealing materials at elevated temperatures. Therefore,
many researchers have devoted their efforts to investigating the low-temperature (100 °C ~ 300 °C)
and intermediate-temperature (300 °C ~ 700 °C) solid oxide fuel cells. And much research has
reported that the performance of fuel cells can be enhanced through the modification of operation
conditions (such as gas flow direction and gravity) and the development of new electrode materials,
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cathode catalysts, and electrolytes [3-10]. As one of the most important factors, the electrolyte
material plays a vital role in determining the performance of fuel cells.

In recent years, low-valence metal cations doped tin pyrophosphates, which possess high
protonic conductivities at low temperature range (100 °C ~ 300 °C), have been applied in low-
temperature solid oxide fuel cells (LT-SOFCs) [11-13]. However, Sn;xMP,0; materials are still far
from practical due to their poor sintering abilities. Composition is regarded as an extensively used and
effective pathway to optimize the electrical properties of electrolytes for fuel cells. Hence, it becomes
significant to design and synthesize dense and novel SnP,0-based composite electrolytes [14-17].

Recently, owing to their high ionic conductivity and high chemical stability, (K/Na)M2(PQO4)3
(M = Sn, Ti) with a NASICON (Na Super lonic Conductor) structure have received a great deal of
attention as electrode materials for sodium-ion or lithium-ion batteries [18-21]. It is confirmed that
chemical and thermal stability is a crucial factor for the application of electrolytes in fuel cells with a
long-term performance. In our previous study, we explored the Sng gsAlg.0sP207/KSn,(PO4)3 composite
electrolyte and the results indicated that the Sng gsAlg 0sP207 and KSn,(PO,); are fused together to form
a dense composite [22]. It is necessary to find if KSn,(PO,); can serve as a promoter for differnet R™-
doped SnP,0,/KSn,(PO4); composite electrolytes, and consequently to extend the applied temperature
range to meet the demands of IT-SOFCs (300 °C ~ 700 °C).

In this work, we prepared other different metal ion doped SnP,O; and a dense
Snp9oMgo.1P207/KSn,(PO.); composite electrolyte was also successfully fabricated in order to find the
composite electrolyte with the best performance. The SnggsMgo.1P.07/KSn,(PO4); composite was
carefully examined by XRD and SEM. The conductivities and the performance in intermediate
temperature fuel cells (ITFCs) of the Sng9Mgo1P207/KSn,(PO4)3 composite electrolyte were evaluated
in detail.

2. EXPERIMENTAL

The SnpoMgo1P,07 was prepared in a similar manner to our previously reported procedure
[23]. In a typical process, 8.1373 g of SnO, and 0.2418 g of MgO were dispersed into 11.6 mL of
H3PO4 (85 %) and heated at 350 °C for 1 h. Further heat treatment was performed at 600 °C for 2 h.
After that, the resulting SnggMgo1P.O7; powder and NaCl/KCI molten salt were fully mixed and
reacted with each other at 650 °C for 1.5 h, giving the SnggMgo1P207/KSn,(PO4); sample. The
obtained composite was milled and pressed at 200 MPa, and re-sintered at 650 °C for 1 h to obtain the
Sno.oMgo.1P,07/KSn,(PO,4); composite electrolyte (1.0 mm in thickness). The pure SnggMgo1P20;
pellet was also synthesized at 600 °C for 2 h as a reference.

X-ray powder diffraction (XRD) measurements of the SngoMgoiP,O; and the
Snp.9Mgo.1P.07/KSn,(PO,4)s composite were recorded on a X’ Pert-pro MPD diffractometer using Cu
Ko radiation. Scanning electron microscopy (SEM) images of the SngoMgoiP.O; and the
Snp.9Mgo.1P2.07/KSn,(PO4)3 composite were observed on a FEI Tecnai G2 F30 electron microscope.

In the conductivity measurement system, 20 %Pd-80 %Ag paste was used as the electrode and
two Ag wires were used as current collectors. The conductivities of the SnggMgy1P207 and the
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Snp9Mgo.1P207/KSn,(PO,)s composite samples were determined by a CHI-660E electrochemical
analyzer over the frequency range from 1 Hz to 10° Hz in a dry nitrogen atmosphere at 300 ~ 700 °C.
An oxygen concentration discharge cell was constructed as: air, Pd-
Ag | Snp9Mgo.1P207/KSn,(PO,)s | Pd-Ag, O, and the electromotive force was calculated to study the
oxide ionic conduction under an oxygen-containing atmosphere at 700 °C. To evaluate the
performance of SnggMgo1P.07/KSn,(PO4); as an electrolyte for ITFCs, a Hy/O, fuel cell was

constructed.

3. RESULTS AND DISCUSSION
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Figure 2. SEM images of external surfaces of SnggMgo.1P>,O7 (2) and SnggMgo.1P,07/KSn,(PO,)s (b).

Fig. 1 presents the XRD patterns of the SnggMgo1P,0O; and SnggMgo1P207/KSn,(PO4)3
composite. Bare SnggMgo1P.07 showed typical diffraction peaks of cubic SnP,O; phase (JCPDS 29-
1352) and the diffraction angles (20) at 19.43°, 22.47°, 25.14°, 27.58° and 37.61° were ascribed to the
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(111), (200), (210), (211) and (311) crystal planes of SnP,O; respectively [11,23]. The
Sno.9sMgo.1P.07/KSn,(PO4); composite exhibited characteristic diffraction peaks of cubic SnP,0; phase
(JCPDS 29-1352) and KSn,(PO,)3; (JCPDS 48-1100) with a NASICON framework, and the diffraction
angles (20) at 21.22°, 24.18°, 29.07° and 31.54° correspond to the (110), (113), (024) and (116) crystal
planes of KSn,(PO,)s, respectively. It is worth noting that all these diffraction peaks in
Snp.oMgo.1P2.07/KSn,(PO4)s composite are consistent with SnP,07 and KSny(PO4)s, implying that an
in-situ reaction takes place between two closely contacted phases of SnggMgo.1P.O7 and inorganic melt
salt during the calcination process and no impurities are formed.

Fig. 2 shows the SEM images of the Sng9sMgo1P207 and SnggMgo1P207/KSn,(PO4)s
composite. As seen from Figure 2a, the SnggMgo1P207 is composed of uniform cubic particles with
particle size of 0.2-0.8 um and exhibits a relatively dense microstructure. Figure 2b shows the
morphology of the SnggMg1P.07/KSn,(PO4); composite. It can be observed that a fully dense and
crack-free structure were formed, indicating that inorganic melt salt can act as a sintering aid and
reactant for in situ formation of KSn,(PQO,)3 during the calcination procedure. The results demonstrate
that modification of SngsMgo1P.0O7 with KSn,(PO,)3 has great influence on the morphology of the
Sno.sMgo.1P.07/KSn,(PO,4); composite thus enhancing the densification, which might be helpful to ion
transport.
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Figure 3. The log (cT) ~ 1000 T plots of SngsMgo1P-07 and SnggMgo1P207/KSn,(PO4); composite
under dry nitrogen atmosphere.

The conductivities curves of the SnggMgo1P207 electrolyte from 50 °C to 250 °C and the
SNnp.9Mgo.1P207/KSn,(PO,)3 composite electrolyte from 300 °C to 700 °C as a function of temperature
under dry nitrogen atmosphere are shown in Fig. 3. The results illustrate that the conductivities of pure
Snp9gMgo1P,O; are similar to the previous experimental results of Tomita [11] under similar
conditions. For the Sng9Mgo.1P207/KSn,(PO4)3; composite, the conductivities increase with the increase
of temperature and reach the highest conductivity of 6.3x10? S-cm™ at 700 °C. To compare the
conductivities of the SnggMgo.1P.07/KSn,(PO,)3 composite with other previous works, the results of
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similar measurements on R™"-doped SnyxR«P207 (R = AI**, In** and Mn?*) [12,23-25] are also shown
in Fig.3. Clearly, the SnggMgo1P207/KSn,(PO4); composite exhibits outstanding properties, the values
of Sno.9sMgo.1P.07/KSn,(PO4); are four to five orders of magnitude higher than those of Sng9Mng 1P,0-
[12], Snoglng1P207 [24] and Sngg21Ng.0sP207 [25], respectively. From these results, it can be concluded
that the KSny(PO,); with a NASICON structure on the surface of SnggMgo1P,O7 can provide
additional transport pathways for protons and results in enhanced conductivities of the
Snp.9Mgo.1P2.07/KSn,(PO4); composite, which is consistent with the results of XRD and SEM.
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Figure 4. The oxygen concentration discharge cell: air, Pd-Ag | SngsMgo1P,07/KSn,(POy)z | Pd-Ag,
O, at 700 °C.
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Figure 5. I-V-P curves of the H,/O, fuel cell with the SnggMgo1P207/KSn,(PO4)s at 600 °C and 700

°C.

To explore the oxide ionic conduction of the SnggMgo1P207/KSn,(PO4)s composite in an
oxygen-containing atmosphere, an oxygen concentration discharge cell was constructed at 700 °C and
the results are shown in Fig.4. The theoretical electromotive forces (EMF.,) of the oxygen

concentration discharge cell can be calculated from EMF, = %to In[po2 ™ Po, ®)] when to = 1.

The pure Oz (o, (4)) and air (po, () Were passed into the cathode and anode chambers, respectively.
From Fig.4, the measured open circuit voltage is 25 mV, which is lower than the theoretical calculated
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EMF (32.7 mV). In addition, a stable discharge curve was observed. All the results demonstrate that
the Snp9Mgo1P207/KSn,(PO4); composite has not only oxide ionic conduction but also a certain
degree of electron hole conduction in an oxygen-containing atmosphere [26-27].

Fig. 5 displays the I-V-P curves of the H,/O, fuel cell with the SnggMgo1P207/KSn;(PO4)3
composite electrolyte at 600 °C and 700 °C, respectively. It was found that the open circuit voltages
are almost the same as the theoretical values, clearly demonstrating that the KSny(PO4); modified
Sno9Mgo.1P2.O7 composite electrolyte is sufficiently dense, in accordance with the TEM result. The
maximum power output densities of the H,/O, fuel cell are 47.2 mW-cm? at 600 °C and 130.9
mW-cm™? and 700 °C, respectively. This good performance of the H,/O, fuel cell using
Sno.sMgo.1P.07/KSn,(PO,4); composite electrolyte may relay on the dense composite frame which not
only facilitate high ion transport but also increases the operation temperature range.

4. CONCLUSIONS

In this study, we have successfully synthesized a novel dense SnggMgo1P207/KSn,(POy)3
composite electrolyte by using NaCI/KCI molten salt as the reaction medium as well as the reactant.
The KSny(PO4)3 modified Sny9Mgo1P207 composite exhibited markedly enhanced conductivities and
the highest conductivity obtained was 6.3x102 S-cm™ in a dry nitrogen atmosphere at 700 °C. The
result of oxygen discharge concentration cell reveals that the composite has not only oxide ionic
conduction but also a certain degree of electron hole conduction in an oxygen-containing atmosphere.
It also displayed good fuel cell performances and the maximum power output densities were 47.2
mW-cm™ at 600 °C and 130.9 mW-cm™ at 700 °C.
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