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In this study, the fused salt NaCl/KCl was used to react with Sn0.9Al0.1P2O7−δ to synthesize 

Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 composite electrolyte by in-situ reaction. The crystalline phase of the 

Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 was analyzed by X-ray powder diffraction (XRD). The external and 

cross-sectional morphologies of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 were observed by scanning electron 

microscope. The Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 reaches maximum ionic conductivity of 7.7×10
-2

 S·cm
-1

 

at 700 °C in a dry nitrogen atmosphere. The hydrogen concentration discharge cell verifies that the 

Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 is a good protonic conductor in a hydrogen-containing atmosphere.  
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1. INTRODUCTION 

Fuel cells (FCs) are a kind of electrochemical equipment that directly converts chemical energy 

into electricity cleanly and efficiently. Fuel cells have received extensive research attention over the 

past few decades [1–7]. Solid electrolyte material is the core of FCs. Up to now, many compounds 

have been found to have protonic conduction under certain conditions. H3PMo12O4029H2O, 

H3PW12O40xH2O and so on usually contain crystalline water which can be transmitted similar to the 

liquid, thereby forming proton conduction. However, the crystalline water will be lost if the 

temperature rises or the humidity decreases, leading to a significant decrease in proton conductivity 

[8–9]. High temperature proton conductors (HTPCs), such as rare earth elements like doped ABO3 

perovskite, have good protonic conductivity in atmospheres of hydrogen or water vapor at high 
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temperatures (700–1000 °C). High temperature hinders the use of fuel cells and therefore, a lot of 

researches into intermediate temperature proton conductors (ITPCs) have been conducted worldwide 

[10–11].  

In recent years, researchers have found that some oxysalts have high protonic conductivity 

within the range of 100 to 400 °C. Among them, pyrophosphate has attracted much attention due to its 

excellent electrical properties [12–13]. Hibino et al. investigated the medium temperature electrical 

properties of Sn1-xMxP2O7 (M = In
3+

, Al
3+

, Mg
2+

) and proposed that the proton conduction mechanism 

in tin pyrophosphate is similar to the high temperature proton conductors (HTPCs) such as SrCeO3 and 

BaCeO3 [14–16]. Tin pyrophosphates have widely applied to the intermediate temperature fuel cell, 

sensor, methane direct oxidation to the methyl and so on [17–18]. However, in order to solve the 

problem of low mechanical strength and density of tin pyrophosphate, some research groups have 

begun to construct the composite electrolyte system with inorganic oxides, inorganic salts and organic 

polymers [19–23]. For example, Heo et al. prepared a Sn0.95Al0.05P2O7–PBI–PTFE and Fe0.4Ta0.5P2O7-

based composite membrane [20–21].  

In this study, the fused salt NaCl/KCl was used to react with tin pyrophosphate to synthesize 

Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 composite electrolyte by an in-situ reaction. The intermediate temperature 

electrical properties and fuel cell performance of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 were explored in 

depth. 

 

 

 

2. EXPERIMENTAL 

The Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 was synthesized with tin oxide, alumina, phosphoric acid, 

potassium chloride and sodium chloride as raw materials. In a typical experimental procedure, 8.1378 

g of SnO2, 0.3059 g Al2O3 and 11.6 mL of 85 % H3PO4 were fully mixed and heat-treated at 350 °C 

until it became gray and sticky. The sticky mixture was placed in a high-temperature electric furnace 

and heated to 550 °C for 2 h. And the Sn0.9Al0.1P2O7−δ powder was obtained. Subsequently, NaCl/KCl 

molten salt and Sn0.9Al0.1P2O7−δ powder were mixed and sintered at 650 °C twice to obtain the 

Sn0.9Al0.1P2O7−δ/KSn2(PO4)3.  

The crystalline phase of the prepared Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 was analyzed by X-ray 

powder diffraction (XRD) with a Panalytical X′ Pert Pro MPD diffractometer by using Cu K radiation 

(=0.15418 nm). The external and cross-sectional morphologies of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 

were observed by scanning electron microscope (SEM, Hitachi S-4700). The conductivity of the 

Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 was analyzed in dry nitrogen atmosphere within the range of  300 to 700 
o
C. The conductivity was measured using a three-electrode system in the frequency range from 0.1 Hz 

to 1 MHz with an electrochemical analyzer (CHI660E made in China). The active area of each 20%Pd-

80%Ag electrode was 0.50 cm
2
. In order to verify the protonic conduction of the 

Sn0.9Al0.1P2O7−δ/KSn2(PO4)3, the hydrogen concentration discharge cell was constructed: H2, Pd-

Ag∣ Sn0.9Al0.1P2O7−δ/KSn2(PO4)3∣ Pd-Ag, 20% H2.  

EMFobs = 
F2

 RT ｛–tion ln[pH2 (A) / pH2 (B)] + tO ln [pH2O (A) / pH2O (B)]｝  (1) 
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When pH2O (A) = pH2O (B) and tion =1, the EMFcal = 60.5 mV could be measured at 600 °C. Finally, 

the H2/O2 fuel cell using the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 as an electrolyte membrane was also tested. 

 

 

 

3. RESULTS AND DISCUSSION 

Fig. 1 is the XRD pattern of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3. Compared with the standard 

diffraction pattern, it is found that the peaks of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 are in accordance with 

the KSn2(PO4)3 and SnP2O7. And the peaks of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 are sharp, and the half 

peak width is narrower which indicates that the crystallinity of the sample is good. SnP2O7 reacts with 

KCl to form ionic conductor electrolyte KSn2(PO4)3 [24–25] which shows that SnP2O7 completely 

reacts with KCl and NaCl exists between the grain boundaries in an amorphous form.  
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Figure 1. XRD pattern of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 composite electrolyte. 

 

Fig. 2 shows the external and cross-sectional microphotographs of SEM for the 

Sn0.9Al0.1P2O7−δ/KSn2(PO4)3. From Fig. 2(a), it can be clearly seen that there is no porous phenomenon 

in the external plane. The grain growth is plump and the particle size is uniform. There are no cracks or 

delamination in the cross-sectional morphology. There is a small amount of melting in the sintered 

body which shows the sample has good sintering properties, as can be seen in Fig. 2(b). 
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Figure 2. SEM images of the external and cross-sectional morphology of the 

Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 (a, b). 

 

Fig. 3 is the energy-dispersive X-ray spectroscopy (EDX) of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3. 

There is 6.6 at% K and 4.9 at% Na in the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3. The Cl element has almost 

disappeared. It may be due to the volatilization of PClO2 when SnP2O7 completely reacts with KCl and 

NaCl.  

 

 

 

Figure 3. EDX image of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3. 

 

Fig. 4 displays the log (T) ~ 1000 T
-1

 plot of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 within the range 

of 300 to 700 °C in a dry nitrogen atmosphere. From Fig. 4 it can be seen that the ionic conductivity of 

the sample increases as the test temperature rises and reaches a maximum ionic conductivity of 7.7×10
-

2
 S·cm

-1
. Compared with the literature, the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 are four to six orders of 

magnitude higher than Song et al. reported for Mn
2+

 doped SnP2O7 [26], Phadke et al. studied for Al
3+

 

doped SnP2O7 [27] and Tao et al. prepared for In
3+

 doped SnP2O7 [28]. This can be attributed to the 

composite structure producing more proton transfer pathways.   
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Figure 4. The log (T) ~ 1000 T
-1

 plot of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 within the range of  300 to 

700 °C under dry nitrogen atmosphere. 
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Figure 5. The hydrogen concentration discharge cell: H2, Pd-Ag∣ Sn0.9Al0.1P2O7−δ/KSn2(PO4)3∣ Pd-

Ag, 20% H2 at 600 °C.  

 

The hydrogen concentration discharge cell of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 at 600 °C is 

displayed in Fig. 5 [29-30]. It shows the voltage decreases gradually with increasing current density. 

When the output power density reaches 0.30 mW·cm
-2

, the current density is 9.07 mA·cm
-2

. The test 

results show that the open circuit voltage of the hydrogen concentration discharge cell is 0.06V, which 
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is close to the theoretical electromotive force (EMFcal = 60.5 mV) [29-30]. This confirms that the 

Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 is a good protonic conductor in a hydrogen-containing atmosphere. 
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Figure 6. The impedance spectra of the fuel cell under open-circuit condition. 
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Figure 7. I-V-P curve of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 at 650 °C and 700 °C. 

 

The AC impedance method was used to test the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 in an open circuit 

condition. Fig. 6 is the AC impedance spectra measured at 650 °C and 700 °C. It can be seen that the 

impedance spectrum of the sample is composed of an incomplete semicircle and a ray. The two ends of 

the semicircle correspond to the total cell resistance (Rt) and ohmic resistance (Ro), respectively. The 

difference between the two is the interfacial polarization resistance (Rp). And the Rt, Rp and Ro, are 

1.79 ·cm
2
, 0.27 ·cm

2
 and 1.52 ·cm

2
 at 700 °C, 2.39 ·cm

2
, 0.12 ·cm

2
 and 2.27 ·cm

2
 at 650 

°C, respectively.  

The fuel cell result of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 is displayed in Fig. 7. The open circuit 

voltage of the fuel cell is 1.09V which shows the sample is dense. The output power densities can 
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reach 66.6 mW·cm
-2

 and 128.3 mW·cm
-2

, corresponding to the output current densities of 90.0 

mA·cm
-2

 and 178.1 mA·cm
-2

 at 650 °C and 700 °C, respectively. Compared with our previous result 

[31–33], the fuel cell result of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 in this study is slightly lower than that 

of Sn0.95Al0.05P2O7/KSn2(PO4)3 [33]. This may be due to the formation of point defect pairs.  

 

 

 

4. CONCLUSIONS 

In this study, a Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 composite electrolyte was synthesized using 

NaCl/KCl molten salt as the reaction medium. XRD pattern shows that SnP2O7 completely reacts with 

KCl and NaCl exists between grain boundaries in an amorphous form. The interfacial polarization 

resistance (Rp) of the Sn0.9Al0.1P2O7−δ/KSn2(PO4)3 are 0.27 ·cm
2
 and 0.12 ·cm

2
 at 700 °C and 650 

°C, respectively. The output power densities are 66.6 mW·cm
-2

 and 128.3 mW·cm
-2

, corresponding to 

the output current densities of 90.0 mA·cm
-2

 and 178.1 mA·cm
-2

 at 650 °C and 700 °C, respectively.  
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