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Sr1xNaxSiOz.05x is receiving worldwide attention as the fast oxide ion conductor. SroesNag.4Sio.9Alo.10s.
« and SrosNaosSiOz., were successfully fabricated using a solid state synthesis method and
characterized with X-ray diffractometer (XRD) and scanning electron microscopy (SEM). From the
results of XRD and SEM, it was demonstrated that both samples consist of crystalline SrSiOz and
amorphous NazSi2Os. The AI** ion doping in the Sr1xNaxSiOs., system led to the decrement of the
amorphous Na-rich phase, and extended the scope of the oxide ionic conduction, though it resulted in a
negative effect on the conductivity.
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1. INTRODUCTION

Solid oxide fuel cells (SOFCs) have attracted worldwide attention in the past decades because
they can efficiently convert chemical energy into electrical energy, and they do not give off any
greenhouse gases or other pollutants when hydrogen is used as the fuel. In an SOFC, an electrolyte, a
porous anode, and a porous cathode are required, and the electrolyte material determines its operating
temperature range [1-8]. However, the major challenge for the current cells is the high temperature of
operation (over 800 °C). To address this issue, numerous efforts have been made toward the
fabrication of electrolytes with high conductivities at intermediate temperature (500-800 °C) [9-14].

Recently, there has been a widening interest in a new family of layered alkali doped strontium
silicates (Sr1xAxMOs-5, A = Na or K, M = Si or Ge), which, as promising electrolytes for intermediate
temperature solid oxide fuel cells (IT-SOFCs), were initially introduced by Singh et al. [15-16]. They
have demonstrated that the fast oxide ion conductors Sri1xNaxSiOz-g5x (0 < x < 0.45) were much less


http://www.electrochemsci.org/

Int. J. Electrochem. Sci., Vol. 14, 2019 4987

hygroscopic than Sr1xKxSiOs.osx and provided oo > 102 S-cm™? for x > 0.40 at 525 °C [16].
Subsequently, Wei et al. reported that a Srz-sxNasxSizOg-15¢ (X = 0.45) based IT-SOFC shows a peak
power density of 431 mW-cm™ at 600 °C [17]. These studies suggested that the mobile oxygen
vacancies introduced by substitution of K* or Na* for Sr* were responsible for the high ionic
conductivity of the alkali doped strontium silicate [15-18].

However, it has been argued by Bayliss et al. and Evans et al. that the dominant charge carrier
was not the oxygen ion, and these Na- or K-doped SrSiOz materials were mixtures of crystalline
SrSiOs and amorphous K2Si.Os or Naz2Si.Os components with degrading conductivities [19-20]. In
addition, they found that the amorphous material plays a significant role in the high ionic conductivity
and the electrical performance increased with increasing amorphous phase content [19-21]. Variable
temperature Na solid state NMR spectroscopy and spin-lattice relaxation (T1) measurements
demonstrated that the Na* ions in SroeoNao40SiO2.80 are highly mobile and the mobility of Na* ions
becomes fast as the temperature is increased [22]. The result was supported by Chien et al. with high-
resolution solid-state 2°Si, 2Na, and 'O NMR investigation on Sr1.xNaxSiOs.05x [23]. All these results
disclosed that the majority of Na* ions did not incorporate into the SrSiOs structure and Na* ions in an
amorphous Na.Si>Os phase were dominant charge carriers in nominal Sri-xNaxSiOs.05x materials [22-
24].

Although the amorphous Na»Si-Os phase was confirmed to be responsible for the high
conductivity of Sr1.xNaxSiOs.0.5¢ ion conductors, the research of Tealdi et al. and Jee et al. showed that
the amorphous NaSi>Os crystallized to an electrical insulator with increasing temperature which
caused the degradation of conductivities [25-27]. And Xu et al. also found that the amorphous phase
K2Si20s in SrogKo2SiO285 material was transformed into crystalline SiO; and K3SiO3z at 650 °C,
leading to the degradation of the ionic conductivities [28]. Furthermore, Sood et al. reported the glass
transition (762 °C), glass melting (815 °C) and enthalpy of fusion (12.5 J-g) of the amorphous phase
in the Sr1.xNaxSiOz-0.5x System [29].

In this paper, we synthesized sodium strontium silicate fast ion conductor of nominal
composition SrosNaogsSiOz., and Al-doped sodium strontium silicate of nominal composition
SrosNao.4Sio.sAlo103. Their structure and electrical properties were studied by X-Ray diffraction,
scanning electron microscopy and impedance spectroscopy. The effect of AI** ions doping on the
structural and electrical properties of the SrosNao.4SiO3z-« Was confirmed. The electrical properties of
the Sro.sNao.4Sio.9Alo.103., and SrosNao.4SiOz-, as electrolytes for intermediate temperature solid oxide
fuel cells were also studied and discussed.

2. EXPERIMENTAL

Sro.6Nao.4Sio.90Al0.103.« and SroeNao 4SiO3., samples (denoted as SNSA and SNS, respectively)
were prepared via solid state synthesis method from SrCOs, Na.COs, SiO2 and Al>O3 (Sinopharm
Chemical Reagent Co. Ltd., AR). The stoichiometric amounts of starting materials were mixed and
ground well in ethanol with a mortar and pestle, and then the slurries were dried, pelleted and calcined
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at 900 °C for 12 h. Subsequently, the pellets were pulverized. The obtained powders were pressed into
pellets again and then calcined in air at 1000 °C for 12 h, with heating and cooling rates of 250 °C-h™,

The microstructures of the samples were investigated by a scanning electron microscope (SEM,
S-4700, Hitachi, Tokyo, Japan). The phase compositions of the samples were characterized using an
X-ray diffractometer (XRD, X’pert Pro MPD, Amsterdam, Netherlands) equipped with a Cu Ka X-ray
source (1.5418 A).

The obtained pellet with a diameter of 16 mm was polished to 1.0 mm thickness. 20%
palladium-80% silver paste with silver wires was coated onto each surface of the pellet as electrodes.
Electrochemical impedance spectra were performed using an electrochemical station (CHI660E made
in China) over the frequency range from 0.1 Hz to 1 MHz at 400-800 °C. Electrical conductivities
were measured as a function of temperature in 25°C intervals. In order to study the oxide ionic
conduction under oxygen-containing atmospheres, oxygen concentration cells of SNSA and SNS were
fabricated: air, Pd-AgISNSA or SNS|Pd-Ag, O.. The theoretical electromotive forces (EMFca) of the
oxygen concentration cells were calculated as: EMFcy = %to In[po, () / Po, )] when to = 1 [30].

Finally, the ampere density-voltage (I-V) and ampere density-power density (I-P) curves for Ho/O> fuel
cells using Sro.sNao.4Sio.9Alo.103-, and Sro.eNao.4SiOs-, as electrolytes were tested at 800 °C.

3. RESULTS AND DISCUSSION

Figure 1. The surface and cross sectional SEM images of the SroeNagsSioosAlo103.4(a,b) and
Sro.6Nao.4SiOs3.(c,d) pellets.
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Fig.1 shows the surface and cross sectional SEM images of the Sro.sNao.4Sio.9Alo.103-.(a,b) and
Sro.6Na0.4S103.(c,d) pellets sintered at 1000 °C for 12 h. It can be observed that both samples are fully-
dense and nonporous. Because the synthesis temperature is higher than the melting point of Na.Si»Os,
two different phases can be clearly seen in Fig.1, which illustrates that both Na-doped samples are
composed of two different compositions, amorphous Na,Si>Os and crystalline SrSiOs [25].

Fig. 2 displays the powder XRD patterns of the SrosNaosSio9Alo103.« (SNSA) and
Sro.6Nao4SiO3., (SNS) samples. It can be seen clearly that the peaks of the two samples are consistent
with the standard diffraction pattern of SrSiOs (PDF No. 87-0474) as reported by Sood et al. [29] and
there is no other crystalline phase. Although the amorphous phase could not be detected by XRD, the
majority of Na* resides in the amorphous NazSi2Os phase. Moreover, the peak intensities of SNSA are
a little stronger than that of SNS in Fig. 2. This may be caused by the minor substitution of AI** into
Si** in SNSA. This means that the presence of Na* and AI®* favors the formation of the SrSiOs
crystalline phase, which in turn may decrease the amount of amorphous phase in this sample.

Sro.eNao.4Si0.9A10.103-«

Sro0.6Nao.4aSiO3-a

Intensity/a.u.

JCPDS SrSiOs3 87-0474
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Figure 2. XRD patterns of the SrosNao.4Sio.90Alo.103-« (SNSA) and Sro.sNap4SiOs-« (SNS) samples
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Figure 3. Arrhenius plots of log(cT) vs. 1000/T for Sro.sNao.4Sio.9Alo.103-o and Sro.sNao.4SiO3z-

Fig.3 shows the Arrhenius plots of conductivities for Sro.sNao.4Sio.9Alo.103., and Sro.eNao 4SiO3-q
in the temperature range of 400-800 °C in a nitrogen atmosphere. The result shows that the electrical
conductivities of both samples increase with increasing temperature and the conductivities of
SrosNao4SiOs-, are higher than that of SrosNaosSio.sAlo.103-, in the whole experimental temperature
range. The electrical conductivities reach the highest values of 28.5 mS-cm™ and 46.3 mS-cm™ at 800
°C for SrosNao.4Sio.0Alo.103., and SroeNao4SiOs.,, respectively. Our result was less than that reported
by Singh and Goodenough [16] (SrosNao.4SiOs-, 6 = 63 mS.cm™ at 700°C), and two times higher than
reported by Sood et al. [29] (Sro.sNao4SiOs-s5, 6 = 22.8 mS.cm™ at 800 °C in air). The AI** ion doping
in the Sr1.xNaxSiOs., system leads to the decrement of the amorphous Na-rich phase and has a negative
effect on the conductivity.
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Figure 4. EMFs of oxygen concentration cells of SrosNao.4Sio.0Alo.103.« (SNSA) and SrosNao.4SiOz.
(SNS) at 400-800 °C.

The theoretical EMFs of oxygen concentration cells and observed EMFs of
Sro.6Nao4Sio9Alo.103-« (SNSA) and SrosNaosSiOs.. (SNS) are shown in Fig. 4. From Fig. 4, the
observed EMFs of SrosNao.4Sio.9Alo.103-, (400-750 °C) and SrosNao.4SiOs-, (400-650 °C) agree well
with the theoretical EMFs values. The AI** jon doping in the SrosNao4SiOs., reduces the content of
amorphous NazSi,Os and extends the scope of the oxide ionic conduction. However, the oxide ion
transport numbers sharply decrease near the melting point of amorphous NazSi2Os. The results
demonstrate that SrosNao.4Sio.9Alp.103.« (400-750 °C) and SrosNao4SiOs., (400-650 °C) are good
oxide ion conductors and mixed conductors of Na* and oxide ion at high temperature.
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Figure 5. Impedance spectra of SrosNao.4Sio.9Alo.103-« (SNSA) and SrosNao4SiOz-« (SNS) under open
circuit condition at 800 °C.

Fig. 5 shows the impedance spectra of SrosNao.4Sio.9Alo.103-« and SrosNao.4SiOz-« under open
circuit condition at 800 °C. The impedance spectrum usually consists of two well defined semicircles,
the low frequency semicircle corresponds to grain boundary resistance, whereas the high frequency
semicircle corresponds to grain contribution [29]. As can be seen from Fig. 5, there are no clear
semicircles, and it is difficult to separate the contribution of the grain boundary and the grain. This
may be due to the high resistances of the samples. We obtained the total resistance from the intercept
of the linear region of the curve to the real axis [27—-28]. The resistance of SrosNao.4Sio.9Alo103-¢ (3.42
Q-cm?) is higher than SrosNao.4SiOs-, (2.46 Q-cm?) under open circuit condition.

Fig. 6 shows the performances of H2/O2 fuel cells with SrosNao.4SiooAlo103« and
SroeNao4SiOsz., electrolytes at 800 °C. It is observed that the Al dopant strongly influences the
performance of the Ho/O> fuel cell. Maximum power densities of 39.5 and 79.8 mW-cm™2 are achieved
at 800 °C in Sro.sNao.4Sio9Alo.103., and Sro.sNao4SiOs., electrolytes, respectively. The maximum power
densities are low which may be due to the samples being Na* and oxide ion mixed conductors at 800
°C, as we discussed above. And the AI** ion doping in the Sr1-xNaxSiOs., System has a negative effect
on the conductivity, therefore, the maximum power density of SrosNag.4Sio.9Alo.103- is lower than that
of Sro.sNap.4SiOsz..
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Figure 6. 1-V and I-P curves of the Ho/O> fuel cells with SrgsNao.4Sio.9Alo.103., and SrosNao.4SiOz-o
electrolyte at 800 °C.

4. CONCLUSIONS

The ionic conductors have important applications in intermediate temperature solid oxide fuel
cells (IT-SOFCs). SrosNao.4Sio.9Al0.103-, and SrosNao.4SiOs., were successfully fabricated using solid
state synthesis method. The results of XRD and SEM demonstrated that both samples consist of
crystalline SrSiOs and amorphous NazSi2Os. Substitution of Si** by low valence AIP* ion in the Sri.
xNaxSiOz., system has a negative effect on the conductivity. The oxygen concentration cells results
demonstrate that SrosNao.4Sio.9Alo.103., (400-750 °C) and SrosNao4SiOsz., (400-650 °C) are good
oxide ion conductors and mixed conductors of Na* and oxide ion at high temperature.
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