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In this study, a Sno.9sCuo.05P207/KPO3 composite ceramic was synthesized via a facile solid state reaction
method and characterized by X-ray diffractometer (XRD), scanning electron microscopy (SEM) and
Raman spectroscopy. The intermediate temperature electrical properties were evaluated using
impedance spectroscopy. The results showed that the microstructure of the Sno.gsCuo.0sP207/KPO3
electrolyte pellet plays an important role in determining electrical properties, and amorphous secondary
phases appreciably influence proton conduction. The highest conductivity of Sng.¢5Cuo.0sP207/KPO3 was
3.4x102 S-cmt in a dry nitrogen atmosphere at 700 °C. The operation tests of an H2/O, fuel cell with
the Sno.9sCuo.0sP207/KPO3 composite electrolyte showed an open circuit voltage of approximately 1.06
V and a maximum power output density of 218.9 mwW-cm™2 at 700 °C. This work offers new alternatives
for the design of metal pyrophosphates composite electrolyte.
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1. INTRODUCTION

Fuel cells are a promising technology for the efficient and environmentally friendly generation
of electrical power [1-6]. Proton-conducting electrolyte materials at intermediate temperatures are in
high demand for fuel cells, because they are more convenient for the practical application of intermediate
temperature solid oxide fuel cells (IT-SOFCs), as they have no problems in terms of fuel recycling and
dilution compared with oxygen ion electrolyte materials [7-13].

Metal pyrophosphates MP,O7 (M = Sn**, Ge**, Si**, Zr**, Ce**, and Ti*" etc.) are of great interest
for IT-SOFCs due to their high proton conductivities [14-15]. Among the pyrophosphates, tin(I1V)
pyrophosphate (SnP.O7) has been intensively investigated owing to its high proton conductivity.
Especially, through partial substitution of Sn*" with other metal cations such as Zn?*, Mn?*, Mg?*, AI**,
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In*, Sb**, Ce**, Sb® and Mo®", SnP,O; composites display enhanced proton conductivities [16-27].
Nevertheless, it is difficult to fabricate dense electrolytes which limits their widespread application in
IT-SOFCs. High temperature (>1400 °C) is required for a complete densification of pyrophosphates,
and this leads to a series of problems, such as the evaporation of excess phosphate phase and the decrease
of conductivity [16, 21, 25]. Tao et al. studied the synthesis and characterization of doped tin(IV)
pyrophosphates Sno.g21no.0s(P207)1-5 and Sno.eSco.1(P207)1-5, and found that the high proton conductivity
under anhydrous conditions depended on the synthetic history, and amorphous phosphorous rich phase
along the grain boundaries facilitates good conductivity [26-27]. Similar results were reported by
Anfimova et al. [14]. In order to synthesize metal pyrophosphates with high ionic conductivity and
stability under lower temperatures, we have fabricated dense pyrophosphate-containing composites
Sno.asAlo.0sP207/KSn2(PO4)3 and Sno.oMgo.1P207/KSn2(PO4)z and both showed improved electrical
performance compared with pure pyrophosphates [28-29].

In this paper, a SnP207/KPO3 composite with a partial substitution of Sn by Cu was synthesized
using a facile solid state reaction method, in which carbonate salt K.COs was also employed for doping.
The composite was characterized by XRD, Raman and SEM. The intermediate temperature electrical
properties were determined by using impedance spectroscopy, and an Hy/O fuel cell using the
Sno.95Cuo.05P207/KPO3 composite as electrolyte membrane was constructed.

2. EXPERIMENTAL

The Snp.esCuo.o0sP207/KPO3s composite was synthesized via a solid state reaction method.
Stoichiometric ratio of Cu(NO3)2 and SnO. were mixed thoroughly with H3PO4, and then the milled
mixture was dried in an oven. Subsequently, K.COs was added to the mixed powder. After grinding, the
gray-white product was heated at 550 °C for 2 h in a covered alumina crucible. The resulting solid
composite particles were ground and sieved and pressed at 15 MPa, and re-sintered at 720 °C for 1 h to
obtain the Sno.9sCuo.0sP207/KPO3 electrolyte disc (1.0 mm in thickness).

The phase determination of the Sno.9sCuo.0sP207/KPO3s powder was characterized by X-ray
powder diffraction (XRD) using a X’ Pert-pro MPD diffractometer using Cu Ka radiation (A = 1.5432
A) over 20 range from 15 to 70°. The microstructural analysis of the Sno.gssCuo.csP207/KPO3 pellet by
scanning electron microscopy (SEM) was carried out on a FEI Tecnai G2 F30 electron microscope. The
Raman spectrum was obtained by invia spectrometer (Renishaw, Gloucestershire, United Kingdom).

For the conductivity measurements and fuel cell tests, the sintered Sno.9sCuo.0sP207/KPO3 pellet
was polished with sandpaper, painted with 20 %Pd-80 %Ag paste on both sides, dried in an oven and
then, two Ag wires were separately connected to each side of the painted pellet to be used as current
collectors. The electrochemical impedance spectroscopy (EIS) was measured at the frequency ranging
from 1 Hz to 10® Hz with an AC amplitude of 20 mV using a CHI-660E electrochemical setup.

3. RESULTS AND DISCUSSION

The XRD pattern of the Sno.gsCuo.0sP207/KPO3 composite powder is shown in Fig. 1. It can be
seen that almost all of the diffraction peaks could be assigned to the cubic SnP,O7 phase. However, small
characteristic peaks of SnO> appeared at the diffraction angle 26 = 26.82°, suggesting that secondary
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SnO> phase formed in the bulk of the composite particles, which can be considered to be the result of
the reaction of SnP,O7 + K2CO3 = SnO> + 2KPO3 + CO21. No K2CO3, and KPOz diffraction peaks were
observed in the XRD due to their weak crystallization or/and good dispersion. These amorphous phases
around the grain boundary may facilitate the good proton conductivity [14, 17, 26-27].
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Figure 2. SEM surface (a) and cross-sectional (b) images of the Sno.gsCuo.0sP207/KPO3 pellet.

The microstructure of the Sno.gsCuo.0sP207/KPO3z pellet is shown in Fig.2. It was observed from
the SEM images that a non-porous, crack-free and dense electrolyte pellet was produced by sintering at
720 °C, which suggests that the transportation of ions might be convenient and the crossover of O or
fuel gas through the composite pellet might be negligible. Meanwhile, the powders are much finer than
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that of M"*-doped SnP>0Oy synthesized by the conventional solid state method using metal oxide substrate
and phosphoric acid, which means the presence of inorganic carbonate on the precursors plays a
significant role in the formation of homogeneous, fine particles [28-29]. It can be expected that the
microstructure of the electrolyte pellet and the fine amorphous secondary phase surrounding the grain
boundaries would appreciably influence the proton conduction [14, 26].
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Figure 3. Raman spectrum of the Sno.9sCuo.0sP207/KPO3 composite.

The Raman spectrum of the Sno.9sCuo.0sP207/KPO3 composite is presented in Fig.3. The bands
in the low frequency between 200 and 400 cm™ are assigned to the bending vibrations of the
PO, tetrahedron in pyrophosphate and the band at 462 cm is attributed to the vibration of the Cu-O-P
and Sn-O-P chains. The bands at 643-692 cm™ are assigned to the symmetric stretching vibrations of the
P-O-P bonds in metaphosphate, while the band at 1059 cm™ is attributed to the symmetric stretching
vibrations of the P-O-P in pyrophosphate. The band at 1160 cm is attributed to the symmetric stretching
vibrations of the PO>™ in metaphosphate [30]. The Raman spectrum revealed the presence of metal
pyrophosphate and metaphosphate in the prepared composite in this study.

The log (cT) ~ 1000 T plots of the SnogsCuo.0sP207/KPO3 composite were measured in the
temperature range of 450 °C ~ 700 °C under a dry nitrogen atmosphere, as shown in Fig.4, and compared
with the conductivity performance of previously reported Sno.olng1P207 [25] electrolyte materials. The
conductivity of the Sno.esCuo.osP207/KPO3 composite decreased from 3.4x102 S-cm™* to 3.1x10°
S-cm™* from 700 °C to 450 °C. The conductivities of SnggzIne.es(P207)1-5 prepared by an aqueous
solution method reported by Tao [26] are 6.5x10% S-cm™ and 8.0x10° S-cm™ at 900 and 400 °C in air,
respectively. The highest conductivity is 1.15x10° S-cm™ for Ceo.ssMno.12P207 at 450 °C and 2.15x10"
% S.cm™t for Sno.gsMno.12P207 at 750° C (reported by Singh et al. [31]). It can be seen that the proton
conductivities of the Sno.gsCuo.0sP207/KPO3 composite are higher than that of Sno.g21ne.0s(P207)1-5 and
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Sno.gsMno.12P207. When the sintered temperature is above 600 °C, the conductivities of Sno.glno.1P207
calcined at 650 °C are lower than that of the SnogsCuo.osP207/KPO3s composite. It is suggested that
sintering at elevated temperature leads to the evaporation of phosphate phase, which results in reduced
proton transport pathways and lowered proton conductivity [25]. The result suggests that the
conductivity related to the preparation method, calcination temperature and the existence of fine
amorphous phase, which was evident by SEM microscopy may be responsible for the difference in
proton conductivity [14, 17, 26].
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Figure 4. The log (cT) ~ 1000 T plots of the Sng.gsCuo.0sP207/KPO3 composite.
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Figure 5. Electrochemical impedance spectrum of the Sno.9sCuo.05P207/KPO3 composite.
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Figure 6. I-V-P curves of the H2/O> fuel cell with the Sng.¢5Cuo.05P207/KPO3 as electrolyte at 700 °C.

Fig. 5 shows the electrochemical impedance spectrum of the Sno.95sCuo.0sP207/KPO3 composite
under an open circuit condition at 700 °. A semicircle in the high frequency region and an arc in the low
frequency region in the Nyquist plot can be seen. The semicircle in the high frequency region may
correspond to the grain boundary resistances, and the arc in the low frequency region may correspond
to the bulk resistances [25]. And the arc is superposed on the semicircle in the low frequency region,
which demonstrates that the Sno.gsCuo.0sP207/KPOs composite has good conductivity.

The H2/O. fuel cell performance was tested with the Sno.gsCuo.osP207/KPO3 composite as
electrolyte at 700 °C. The I-V-P curves of the H2/O- fuel cell are shown in Fig. 6. An open circuit voltage
of approximately 1.06 V was obtained, which demonstrates that the Sng.9sCuo.05P207/KPO3 composite
electrolyte is a fully dense layer and the gas leakage through the electrolyte is negligible. The power
output density reached a maximum value of 218.9 mW-cm™2 at 700 °C, which is higher than most of the
previously reported fuel cells using SnP.O7-based electrolyte materials. We have reported that the power
output density of dense pyrophosphate-containing composites Sno.gsAlo.osP207/KSn2(PO4)3 and
SNno.sMgo.1P207/KSn2(PO4)s were only 142.1 mW-cm ™2 and 130.9 mW-cm™2 at 700 °C, respectively [28-
29]. These results demonstrate that the Sno.osCuo.0sP207/KPO3 composite is a new alternative electrolyte
for IT-SOFCs.

4. CONCLUSIONS

A new Sno.95Cuo.0sP207/KPO3 composite electrolyte was prepared by solid state reaction method,
and structure, electrical properties and ionic conduction were characterized. The results showed that
almost all of the diffraction peaks were assigned to the cubic SnP.O; phase and dense
Sno.o5Cuo.0sP207/KPOs electrolyte was obtained by sintering at 720 °C. The microstructure of the
electrolyte pellet plays an important role in determining electrical properties and amorphous secondary
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phases appreciably influence the proton conduction. The highest conductivity obtained for
SNo.95CUo.0sP207/KPO3 composite was 3.4x102 S-cm™* at 700 °C. The H,/O, fuel cell showed a
maximum power output density of 218.9 mW-cm™2 at 700 °C. The results of this work offer new
alternatives for the design of metal pyrophosphates composite electrolyte which has the potential to meet
the requirements for application in IT-SOFCs.
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