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In this study, a pyrophosphate-based composite electrolyte of Sng.gsNio.0sP.07/KPO3 was prepared by a
solid state method. The structure and electrical properties of the composite were studied using X-ray
diffractometer, electrochemical workstation etc. XRD test showed that Sno.gsNio.0sP207 maintains the
original lattice structure and does not react with KPO3 phase. The results show the sample was an ionic
conductor in the high oxygen partial pressure range and was a mixed conductor of ions and electrons in
the low oxygen partial pressure range. The highest power output density and conductivity of
Sno.esNio.0sP207/KPO3 were 64.2 mW-cm™ and 2.4x102 S-cm™ at 700 °C, respectively.
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1. INTRODUCTION

Energy crises and environmental pollution are two major problems for the sustainable
development of modern society. The search for efficient and environmentally friendly energy conversion
technologies has become a focus around the world, and fuel cell technology is regarded as one of the
most promising technologies [1-3]. A fuel cell includes an electrolyte, sealing material, cathode, anode
and connecting material. However, the high operating temperature of fuel cells is the key factor limiting
their development. Reducing operating temperature is the primary problem in fuel cell research [4-7].

The operating temperature of fuel cells is mainly affected by the ionic conductivity of the
electrolyte [8-11]. In recent years, pyrophosphate-based (MP2O7, M = Sn, Ti and Ce) electrolyte
materials with high conductivities at 150-350 °C have been developed [12-17]. Hibino et al. investigated
In®*, AI** and Mg?* doped SnP.O7 and found that their conductivities were higher than 102 S-cm™ at
150-300 °C [12-14].

To improve the ionic conductivities, composite electrolytes have been widely studied [18-22].
Hibino et al. synthesized a novel composite electrolyte  of  HzPOs-doped
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polybenzimidazole/Sno.9sAlo.0sP207 [18]. Shi and Wang et al. reported that Sno.gsAlo.osP207/ KSn2(PO4)3
composite electrolyte had good intermediate temperature electrical properties at 400-700 °C [22]. Nickel
salt is abundant, cheap and has the same radius as tin. Therefore, Sno.gsNio.0sP207/KPO3s composite
electrolyte was synthesized in this study. The structure was characterized by Raman spectrometer and
X-ray diffractometer. The intermediate temperature (400-700 °C) electrochemical properties were also
investigated through the relationship between oxygen partial pressure and conductivity, and conductivity
and fuel cell test.

2. EXPERIMENTAL

Sno.gsNio.0sP207/KPO3 was synthesized by a solid state method. All reagents used in this study
were of analytical grade. 2.7642 g K>CQO3, 8.5905 g SnO», 0.5481 g Ni(NO3)2 and 11 mL 85 % H3PO4
were fully milled and heated at 400 °C for 1 h to react preliminary. After cooling, they were taken out
and ground into powders. The powders were pressed by a tablet press under 300 MPa and calcined at
500 °C and 700 °C for 1 h, respectively, to obtain a composite electrolyte sheet with a diameter of 18
mm and a thickness of 1.1 mm.

The structure of Sno.gsNio.0sP207/KPOs was characterized by X-ray diffractometer (X’pert Pro
MPD) and Raman spectrometer (invia). The Pd-Ag slurry was coated on both sides of the composite
electrolyte to remove the organic matter at 600 °C and obtain a uniform collector. The conductivities of
Sno.9sNio.0sP207/KPO3 in a nitrogen atmosphere were measured by the three-electrode AC impedance
method from 1 to 10° Hz at 400-700 °C. The relationship between oxygen partial pressure and
conductivity was also investigated. Finally, an Ho/O> fuel cell was assembled to study the discharge
performance of Sno.gsNio.0sP207/KPO:s.

3. RESULTS AND DISCUSSION

Fig. 1 shows the XRD spectra of Sno.gsNio.0sP207/KPO3 composite and pure SnP207 powder. In
the composite electrolyte, the Sno.gsNio.0sP207 phase maintains its original structure. And the positions
of characteristic peaks are consistent with the standard spectrum of pure SnP>07. KPO3z mainly exists in
an amorphous state with a weak diffraction peak at 26.35° [22]. Besides, there are weak diffraction peaks
of SnO; at 26.72° and 33.98°. In the synthesis process, the following reaction of SnP,O; + KoCO3 =
SnO2 + 2KPO3 + CO21 may cause the appearance of SnO2. Sho.g5Nio.0sP207 maintains the original lattice
structure and does not react with KPO3 phase, which shows that Sno.gsNio.0sP207 particles have good anti
metaphosphate corrosion ability [23].
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Figure 1. XRD results of SnP207 and Sno.gsNio.0sP207/KPO3 composite.
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Figure 2. Raman results of Sno.gsNio.0sP207/KPO3 composite.

The Raman results of Sno.gsNio.0sP207/KPQ3 are shown in Fig. 2. A broad peak below 410 cm™
belongs to the PO4 tetrahedron (pyrophosphate) bending vibration. There is a new vibration peak near
463 cm, which may be attributed to K-O-P vibration. The bands at 692 cm™, 1160 cm™ and 1265 cm
are P-O-P symmetric, (PO2)- symmetric and (PO2)- asymmetric (metaphosphate) stretching vibration,
respectively [24]. The Raman results further illustrate that Sno.esNio.0sP2O7 is the main component, and
KPO3 exists simultaneously (see also Fig. 1).
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Figure 3. The conductivities of Sno.gsNio.0sP207/KPOs3 in a nitrogen atmosphere at 400-700 °C.

Fig. 3 shows the conductivity test results of Sno.gsNio.0sP207/KPOgz in a nitrogen atmosphere at
400-700 °C. The conductivities of Sno.gsNio.0sP207/KPO3z increase significantly, while the activation
energy decreases. The highest conductivities of Sng.gsNio.csP207/KPO3 reach 7.8x107 and 2.4x1072
S-cm™ at 600 °C and 700 °C, respectively, which are markedly higher than Snoglng1P207 (1.7x10°
S-cm™ at 600 °C). In the composite electrolyte, in addition to the KPO3 phase, the Sno.gsNio.0sP207 bulk
phase is also an important way of proton and oxide ionic conduction [22—24]. Therefore, ions can be
conducted through the metaphosphate phase, and also through the interface between ceramic bulk phase
and KPOs phase.

Fig. 4 shows the relationship between oxygen partial pressure and conductivity of
Sno.gsNio.0sP207/KPO3 at 700 °C. In a certain range of oxygen partial pressure, if log o ~ log (pO2) is

in a horizontal linear relationship, the sample shows ionic conductivity. If log o ~ log (pOz) is in a non-
horizontal linear relationship, the sample shows mixed conductivity of ions and electrons (or holes) [25].

It can be seen from Fig. 4 that the conductivity is not affected by the oxygen partial pressure within the
range of high oxygen partial pressure (pO2 = 10~ 10° atm), indicating that the sample is an ionic

conductor. In the range of low oxygen partial pressure (pO2 = 10%° ~ 10°* atm), the conductivity
increases with the decrease of oxygen partial pressure, indicating that the sample is a mixed conductor
of ions and electrons.
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Figure 4. The relationship between oxygen partial pressure and conductivity of Sno.gsNio.0sP207/KPO3
at 700 °C.
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Figure 5. AC impedance spectrum of Sno.gsNio.osP207/KPQO3 under open circuit condition.

A typical AC impedance spectrum is shown in Fig. 5. The intersection at the end of the real axis
(high frequency) represents the electrolyte resistance (4.08 Q-cm?). The grain boundary process of
Sno.esNio.0sP207/KPO3 corresponds to medium frequency (4.66 Q-cm?). The difference between them
corresponds to polarization resistance (0.58 Q-cm?).

The Ho/O> fuel cell discharge performance of Sno.gsNio.0sP207/KPO3 at 700 °C is shown in Fig.
6. The open circuit voltage (1.04 V) is lower than the theoretical value (1.12 V) because the part of Sn**
is reduced to Sn?* in a high temperature reducing atmosphere, resulting in electronic conduction and
short circuit in the cell [23-24]. The highest power output density of Sno.gsNio.0sP207/KPQO3 is 64.2
mW-cm at 700 °C. It can be seen that the electronic conduction in a reducing atmosphere is an
important reason for its low performance in a fuel cell. The power output of ours is lower than those of
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SnooCuo.1P207/KPOs  [26] and  SnogNio1P207/KPOs [27], however, it is equivalent to
Sno.95Gao.0sP207/KPO3 [23] under the same conditions (Table 1). This can be ascribed to the oxygen
vacancy concentrations of 10 mol% M"* doped SnP.07/KPOz being much higher than those 5 mol%
samples. The inhibition of KPO3 on electron conduction is not obvious. Only when the chemical stability
is improved, can these substances be used in fuel cells.
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Figure 6. The discharge performance of Sno.gsNio.0sP207/KPO3z at 700 °C.

Table 1. The highest power densities of Sno.gsNio.0sP207/KPOs and similar electrolytes in the literatures.

electrolytes

Highest power densities

Sno.95Nio.0sP207/KPO3

64.2 mW-cm2, 700 °C, this work

SNo.sCo 1P207/KPO3 131 mW-cm2, 700 °C, [26]
Sno.sNio1P207/KPO; 434 mW-cm2, 700 °C, [27]
SNo.95Gao.0sP207/KPO3 87 mW-cm2, 700 °C, [23]

4. CONCLUSIONS

In this study, Sno.gsNio.osP207/KPO3 was prepared by a solid state method. The Raman results
illustrated that Sno.gsNio.osP207 is the main component, and KPO3 exists simultaneously. The highest
conductivities of Sno.esNio.0sP207/KPO3 reached 7.8x102 and 2.4x102 S-cm™ at 600 °C and 700 °C,
respectively. The polarization resistance of Sno.gsNio.osP207/KPO3z under an open circuit condition
reached 0.58 Q-cm? at 700 °C. The highest power output density of SnoesNio.osP207/KPO3 was 64.2
mW-cm2 at 700 °C.
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